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During  the  period  2,  1/87  to  1.31.91.  Vanderbilt  l  diversity.  under  Cur. tract  N00014- 
87-C-0146  with  the  Office  of  Naval  Research,  developed  a  Free-Electron  Laser  Center,  and 
carried  out  a  program  of  research  in  medicine,  hiology,  and  materials  science.  The 
accomplishments  of  this  effort  are  described  in  the  final  report. 

The  program  may  be  divided  into  six  projects,  as  follows: 

I.  Free-Electron  Laser  Construction  and  Operation  under  the  direction  of  C.  A. 
Brau,  Department  of  Physics,  College  of  Arts  and  Science.  The  objective  of  this  effort  has 
been  to  commission  the  free-electron  laser  and  the  optical  beamline  required  to  distribute  the 
laser  beam  to  the  laboratories.  Although  the  company  supplying  the  free-electron  laser 
ceased  operations  before  the  laser  was  completed,  the  installation  and  commissioning  was 
completed  by  Vanderbilt  personnel. 

II.  Mechanisms  of  Photon-Induced  Damage  in  Optical  Materials.  The  effort 
may  be  further  subdivided  into  three  efforts: 

A.  Desorption  of  Atoms  and  Molecules  from  Surfaces,  under  the  direction  of  N.  H. 
Tolk,  Department  of  Physics,  College  of  Arts  and  Science, 

B.  Nonlinear  Effects  of  Lasers,  under  the  direction  of  R.  F.  Haglund,  Department  of 
Physics,  College  of  Arts  and  Science. 

C.  Interaction  of  Lasers  with  Defects  in  Optical  Materials,  under  the  direction  of  R. 

A.  Weeks,  Department  of  Materials  Science  and  Engineering,  School  of  Engineering. 

III.  Picosecond  Spectroscopy  of  Biopolvmers.  Under  the  direction  of  G.  S. 
Edwards,  Department  of  Physics,  College  of  Arts  and  Science,  the  objective  of  this 
research  has  been  to  examine  the  vibrational  and  electronic  spectroscopy  of  important 
biopolymers,  including  DNA  and  RNA. 

IV.  Nonthermal  and  Selective  Effects  of  Free-Electron  Laser  Irradiation  of 
Tissue.  Under  the  direction  of  R.  H.  Ossoff,  Department  of  Otolaryngology,  School  of 
Medicine,  the  objective  of  this  research  has  been  to  examine  the  effects  of  lasers  on  tissue, 
including  the  effect  on  wound  healing. 


V.  Free-Flectron  I.nscr  Based  Studies  of  Bio  me  in  hr  a  no  Dynamics  and  Prut' 
Interactions.  Under  the  direction  of  S.  Fleischer.  Department  of  Molecular  Biology. 
College  of  Arts  and  Science,  the  objective  of  this  research  has  been  to  understand  the 
dynamics  of  membrane  proteins,  and  how  they  are  related  to  membrane  function. 

VI.  Free-Electron  Laser  Applications  in  Neurosurgery.  Under  the  direction  of 
R.  J.  Maciunas,  Department  of  Neurosurgery,  School  of  Medicine,  the  objective  of  this 
effort  has  been  to  study  the  interaciton  of  pulsed  lasers  with  brain  tissue,  and  to  develop  the 
techniques  of  sterotactic  laser  neurosurgery. 

The  close  collaboration  of  researchers  from  so  many  Schools  and  Departments  of  the 
University  has  been  a  major  factor  in  the  success  of  the  program,  and  will  continue  to  be  so 
as  the  program  continues  and  expands  to  embrace  researchers  from  around  the  world. 
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Special  Report 

Near-Monochromatic  X-ray  Beams  Produced  by  the 
Free  Electron  Laser  and  Compton  Backscatter 
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Carroll  FE,  Waters  JW,  Price  RR,  Brau  CA,  Roos  CF,  Tolk 
NH,  Pickens  DR,  Stephens  WH.  Near-monochromatic  x-ray 
beams  produced  by  the  free  electron  laser  and  Compton 
backscatter.  Invest  Radiol  1990;25:465-471. 

The  intense  photon  output  of  a  free  electron  laser  may  be  made 
to  collide  with  its  own  high  energy  electron  beam  to  create 
nearly  monochromatic  x-rays  using  Compton  backscatter 
techniques.  These  x-rays  can  be  used  for  imaging  and  non- 
imaging  diagnostic  and  therapeutic  experiments.  The  initial 
configuration  of  the  Vanderbilt  Medical  Free  Electron  Laser 
(Sierra  Laser  Systems,  Sunnyvale,  CA)  produces  intense  x-rays 
up  to  17.9  keV,  although  higher  energies  are  easily  attainable 
through  the  use  of  frequency  doubling  methods,  alteration  of 
the  energy  of  the  electron  beam  and  coupling  to  conventional 
laser  inputs. 

Key  words:  lasers;  monochromatic  x-rays;  electron  beams;  free 
electron  laser;  Compton  backscatter. 


THE  CREATION  OF  A  powerful,  tuneable,  near- 
monochromatic  source  of  “hard”  x-rays  would  herald 
a  new  and  exceptionally  diverse  generation  of  diagnostic 
medical  imaging  modalities,  as  well  as  opening  the  door 
to  new  therapeutic  methods. 
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In  diagnostic  radiology,  higher  keV  radiation  is 
associated  with  the  production  of  unusable,  and 
objectionable  scattered  radiation;  photons  of  lower  keV 
energy  may  add  little  to  the  diagnostic  information 
obtained,  but  contribute  heavily  to  the  radiation  dose  to 
the  patient.  If  it  were  possible  to  select  radiation  of  optimal 
energy  for  the  job  at  hand,  while  eliminating  those  x- 
rays  of  higher  and  lower  frequency,  radiologists  and  other 
scientists  could  significantly  enhance  their  ability  to 
perform  very  high  contrast/ low  dose  imaging,  accomplish 
in  vivo  trace  element  analysis,  and  achieve  3-D  x-ray 
holographic  imaging. 

In  1986,  Vanderbilt  University  was  selected  through 
a  competitive  grant  process  as  the  first  dedicated  Medical 
Free  Electron  Laser  Facility  to  be  funded  by  Congress 
through  the  Strategic  Defense  Initiative  Organization.  The 
principal  investigators  awarded  this  grant  were  a 
multidisciplinary  investigative  team  comprised  of 
physicians,  physicists,  biophysicists,  molecular  biologists, 
and  engineers  who  work  in  very  close  collaboration  on 
all  facets  of  a  unified  inquiry  into  non-linear  effects  of 
radiation  produced  by  this  powerful,  tuneable,  and 
extremely  fast  laser. 

The  Free  Electron  Laser 

The  Free  Electron  Laser  (FEL)  uses  a  beam  of 
relativistic  electrons  to  amplify  short  wavelength  radiation 
by  stimulated  emission.  Electrons  not  bound  to  atoms 
(hence  “free”)  are  accelerated  by  one  of  any  number  of 
devices,  such  as  a  linear  accelerator  or  Van  de  Graff 
generator,  to  multimillion  electron  volt  energies,  and  are 
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Fig.  1.  The  Free  Electron  Laser  is  a  unique  device  among 
present  lasers  in  that  it  is  tuneable  across  the  electromagnetic 
spectrum,  extremely  fast,  and  is  extraordinarily  powerful 
delivering  gigawatts  of  power  in  pico  or  femtoseconds.  Insert  A 
shows  the  wiggler  cavity  of  the  FEL  positioned  to  the  right  of 
and  distal  to  the  electron  gun  and  linear  accelerator.  Insert  B 
depicts  the  interaction  zone  of  the  Compton  backscatter  device. 
The  x-ray  photons  are  delivered  to  the  imaging  facility  on  the 
second  floor  of  the  Vanderbilt  MFEL  building. 

then  passed  through  an  apparatus  containing  magnets  of 
alternating  north-south  polarity  (a  wiggler).  The  electron 
trajectory  describes  an  undulating  or  wiggling  path 
through  this  device,  interacting  with  the  magnetic  field 
to  give  off  characteristic  radiation,  which  is  a  function 
of  the  energy  of  the  beam,  the  strength  of  the  magnetic 
field  and  the  periodicity  of  the  magnets.  The  photons 
produced  within  the  wiggler  are  reflected  repeatedly  by 
mirrors  at  the  ends  of  the  cavity  and  interact  with  the 
electron  beam,  amplifying  the  photon  output  (Fig.  I).1 
The  FEL  delivers  an  extremely  high  output  in  picosecond 
bursts  that  is  tuneable  across  the  infrared,  visible  and 
ultraviolet  spectrum. 

X-Ray  Production  by  Compton  Backscatter 

In  1975,  Piestrup  et  al3  showed  that  the  momentum 
of  a  free  electron  beam  may  be  modulated  by  interaction 
with  laser  light.  To  obtain  significant  energy  exchange 
between  an  electron  beam  and  light,  it  is  necessary  for 
the  electrons  to  remain  in  an  electric  field  of  constant 
phase.  This  will  occur  in  a  medium  that  provides  the 
proper  refractive  index,  that  maintains  the  phase  velocity 
of  the  light’s  electromagnetic  wave  with  electron  velocity 
along  the  direction  of  motion  of  the  electron.  In  a  similar 
fashion,  an  electron  beam  may  perform  significant  work 
on  light  photons.  For  some  time  now,  high  energy 


For  a  more  comprehensive  discussion  of  the  physics  of  FELs,  the 
reader  is  referred  to  more  complete  texts.2 


Fig.  2.  Compton  Backscatter  yields  a  short  wavelength  x-ray 
photon  for  each  collision/interaction  between  a  near  relativistic 
electron  and  a  long  wavelength  light  or  infrared  photon. 

physicists  have  been  creating  gamma  rays  in  the  MeV 
to  GeV  range  using  the  Compton  backscatter  (CB) 
phenomenon.  Their  technique  involves  the  head-on 
collision  of  an  intense  beam  of  laser  light  with  a  high 
energy  electron  beam  (Fig.  2).  The  incoming  electron 
“collides”  with  an  incoming  photon,  thereby  losing  energy, 
but  at  the  same  time  imparting  that  energy  to  the  incoming 
photon,  scattering  it  backward  at  a  higher  energy. 

More  recently  (in  a  patent  filed  in  July  of  1986),  Luccio 
and  Brill4  outlined  a  method  and  apparatus  for  producing 
x-rays  which  takes  advantage  of  their  first  recognition 
that  “photons  of  much  lower  energy  than  those  ordinarily 
produced  in  nuclear  physics  research  can  be  generated 
using  the  Compton  backscatter  effect  by  carefully 
controlling  the  energy  level  of  the  incoming  electrons.” 
Proposing  a  Microtron  I  electron  source  and  a  racetrack 
electron  storage  ring  coupled  to  various  “off  the  shelf’ 
lasers,  they  provide  a  scheme  that  could  potentially 
generate  highly  directional,  tuneable,  narrow  bandwidth, 
polarized  x-rays,  which  could  conceivably  cover  a  range 
of  energies  from  0.5  keV  to  250  keV. 

Coupling  the  FEL  and  Compton  Backscatter 

The  electron  beam  of  the  FEL  (Sierra  Laser  Systems, 
Sunnyvale,  CA)  is  normally  “discarded”  in  a  beam  dump 
after  its  exit  from  the  wiggler  cavity.  We  propose  to  use 
the  residual  electron  beam  (e-beam)  from  the  FEL  and 
make  it  collide  with  the  FEL’s  own  photon  output  to 
create  tuneable,  near  monochromatic  x-rays  by  Compton 
backscatter. 

The  configuration  of  the  Medical  Free  Electron  Laser/ 
Compton  Backscatter  Device  (FEL/CBD)  presently 
under  construction  is  seen  in  Figure  1.  Once  the  electron 
beam  has  exited  the  FEL,  the  beam  will  be  transported 
using  bending  and  focusing  magnets  and  evacuated  beam 
lines  to  an  interaction  zone  whose  axis  is  aligned  with 
a  1 2-in  PVC  x-ray  beam  pipe  which  penetrates  the  MFEL 
building  structure  from  the  downstairs  shielded  FEL  vault 
to  a  “shirtsleeve”  environment  target  room  situated  on 
the  upper  floor  of  the  facility. 

The  light  output  of  the  FEL  will  be  diverted  by  mirrors 
to  the  same  interaction  zone  where  it  will  collide  “head- 
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Fig  3.  Depicts  the  surface  representing  the  distribution  of  x- 
ray  energies  and  angles  measured  from  the  central  electron  beam 
direction  The  figure  was  generated  by  the  Monte  Carlo  program 
and  resembles  a  mountain  ridge,  whose  height  is  proportional 
to  the  probability  of  producing  an  x-ray  with  a  given  energy  at 
a  certain  angle.  The  width  of  the  ridge  depends  on  the  energy 
dispersion  and  angular  divergence  of  the  electron  beam.  The  peak 
of  the  ridge  is  close  to  the  maximum  possible  x-ray  energy,  18 
keV,  and  the  axis  of  the  electron  beam.  The  quantity  Ey  refers 
to  the  actual  energy  of  an  x-ray,  while  k  refers  to  the  angle 
measured  from  the  central  ray  of  the  electron  beam.  Each 
rectangle  on  the  plot  represents  an  interval  .5  keV  by  .25  mradian. 

on”  with  the  electron  beam.  It  is  here  that  the  Compton 
buckscatter  occurs,  allowing  the  creation  of  a  cone  of 
near  monochromatic  \-rays  that  will  then  be  transported 
via  the  PVC  x-ray  beam  pipe  to  the  second  floor  target 
room.  This  beam  exhibits  a  rather  narrow  scattering  angle 
that  does  not  exceed  .01  radians. 

Prior  to  its  reaching  the  PVC  beam  pipe  and  after 
having  interacted  with  the  laser  beam,  the  electron  beam 
is  again  rotated  and  transported  back  to  its  original  axis 
for  disposal  in  the  beam  dump. 

Photon  Energy,  Flux,  and  Distribution 

In  the  case  of  photon  scattering  through  180°  by  a 
moving  electron,  the  photon  energy  is  increased  by  a  factor 
4y:,  where  7  is  the  ratio  of  the  electron’s  energy  to  its 
mass.  In  the  present  MFEL  design,  the  electron  energy 
is  43  MeV  and  the  photon  wavelength  is  2^,  giving  a 
maximum  CB  x-ray  energy  of  17.9  keV.  The  dependence 
of  the  laboratory  energy  on  the  angle  and  number  of 
the  backward  scattered  photons  as  measured  from  the 
electron  is  shown  in  Figures  3  and  4.  A  non-zero  angle 
of  incidence  between  the  photon  and  electron  beams  has 
little  effect  on  photon  flux.  There  is  very  minimal 
displacement  of  the  output  curve  when  the  incidence  is 
=  15°.  This  allows  the  interaction  zone  to  be  tilted 
somewhat  so  that  the  x-ray  beam  may  exit  the  FEL/ 
CBD  without  having  to  pass  through  the  mirrors  that 
focus  the  light  beam  at  the  electron  beam.  Lower  keV 
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Fig.  4.  This  shows  the  surface  representing  the  average  x-ray 
energies  at  points  in  an  arbitrary  plane  transverse  to  the  central 
beam.  The  quantity  <  Ey  >  is  the  average  energy  of  all  x-rays 
passing  near  a  chosen  point.  In  this  calculation.  Ey  is  a  function 
of  the  angle  from  the  electron,  so  the  scale  of  the  figure  is 
unimportant. 

photons  would  be  extensively  attenuated  if  they  needed 
to  penetrate  the  interaction  zone  end  mirrors  while  exiting 
the  device. 

The  theoretical  problem  of  photon-electron  scattering 
has  long  been  solved,  the  results  being  the  Klein-Nishina 
formulas  for  the  intensity  and  polarization  of  the  scattered 
photons.  In  the  energy  regime  of  the  MFEL,  these 
formulas  reduce  to  the  classical  ones  of  Thomson,  in  which 
the  intensity  is  proportional  to  (1+  cos2©,),  where  0,  is 
the  scattering  angle  in  the  electron  rest  frame. 

In  practice,  it  is  necessary  to  accept  electrons  in  a  cone 
of  half-angle  0C  equal  to  a  few  milliradians,  measured 
from  the  axis  of  the  electron  beam,  because  the  probability 
for  scattering  into  any  range  of  angle  is  given  by  integrating 
the  intensity  over  an  element  of  solid  angle  which  vanishes 
at  0S  =  0°  or  180°.  Furthermore,  because  the  beam  has 
finite  emittance  (ie,  the  volume  it  occupies  in  phase  space 
is  not  zero),  all  the  electrons  cannot  be  parallel,  so  at 
any  fixed  laboratory  angle  the  observer  sees  photons 
scattered  through  a  spectrum  of  angles  from  the  directions 
of  the  electrons  measured  from  the  axis.  The  result  is 
a  spectrum  of  x-ray  energies  in  the  cone.  Nearly 
monochromatic  x-ray  fluxes  may  be  obtained  by  the 
selection  of  a  portion  of  the  cone  for  use  (with  the  highest 
energy  x-rays  nearest  the  center  of  the  cone)  (Fig.  5). 

The  distributions  of  energies  and  angles  in  the 
laboratory  system  have  been  calculated  by  a  Monte  Carlo 
program.  In  the  case  of  negligible  beam  emittance,  the 
distributions  in  the  proposed  MFEL  system  are  shown 
in  Figure  6.  In  the  Monte  Carlo  program,  points  in  the 
electron  phase  space  corresponding  to  positions  and  angles 
are  generated  uniformly  over  an  ellipse  with  area  E.  In 
each  slice  of  x-ray  laboratory  angle,  the  spectrum  of  x- 
ray  energies  can  be  calculated.  In  Table  I,  the  mean  and 
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Fig  5.  An  observer  looking  retrogradely  into  the  x-ray  beam 
would  see  concentric  rings  of  near-monochromatic  radiation  as 
depicted  in  this  energy  plot.  The  irregularity  of  the  rings  is  merely 
a  reflection  of  the  number  of  points  plotted  after  Monte  Carlo 
calculations. 


rms  of  the  x-ray  energy  at  each  laboratory  angle  are 
displayed  for  various  choices  of  the  electron  beam  radius. 
In  fact,  the  energy  distributions  are  not  symmetric,  being 
skewed  toward  the  high  end  at  small  angles.  For  each 
beam  waist  the  angle  0C  (max)  for  which  80 %  of  the  x- 
rays  are  above  15  keV  has  been  calculated.  For  a  waist 
of  20 /i  this  angle  is  5  milliradians.  The  entire  x-ray  energy 
spectrum,  with  beam  energy  resolution  folded  in,  is  shown 
in  Figure  7.  The  spectrum  of  x-rays  in  the  5  milliradian 
cone  is  shown  in  the  dashed  histogram.  The  angular 
distribution  is  shown  in  Table  I  and  Figure  8.  The  table 
shows  the  elements  of  the  rate  calculation  for  three  possible 
beam  waists,  with  the  angular  cut  made  to  keep  80% 


TABLE  1.  Rates  in  Cones  with  80%  of  X-rays  Above  15  keV* 
(These  figures  refer  to  a  "one-pass"  system  wherein 
electrons  "see”  light  photons  only  once.) 


rB 

15>i 

20m 

50  m 

0C  max 

4  mrad 

5  mrad 

6  mrad 

L  (m-*s-') 

5.0  X  1037 

2.8  X  1037 

4.6  X  103® 

oc  (dc<6c  max)  (m2) 

.7  X  10‘» 

1.1  X  10-” 

1.7  X  10"29 

Rate  (photons/sec) 

3.4  X  10« 

3.1  X  108 

7.7  X  107 

"where: 

r0  is  the  radius  of  the  beam 

Bc  max  is  the  maximum  acceptance  angle 

L  is  the  luminosity 

oc  represents  the  interaction  cross-section 
Rate  refers  to  the  x-ray  photon  production 

of  the  x-rays  above  15  keV,  and  the  electron  bunches 
colliding  only  once  with  the  light  photons. 

Rate  Calculations 

Photon  flux  expressed  as  photons  per  second  with 
angles  less  than  6C  is  obtained  from  the  product  of  incident 
intensity  and  a  quantity  called  the  cross  section.  The  cross 
section  oc  is  found  by  integrating  the  Compton  scattering 
intensity  divided  by  the  incident  intensity  over  the  range 
of  angle  0,  in  the  electron  rest  system  corresponding  to 
0C.  In  a  colliding  beam  geometry  the  incident  intensity 
is  given  by  the  luminosity,  L,  defined  as 

L  =  NtXNyXfr  A 

where 

Nc  is  the  number  of  electrons  per  bunch, 

Ny  is  the  number  of  photons  per  bunch, 
f  is  the  frequency  of  intersection  of  the  two  bunches, 
and 

A  is  the  common  area  of  the  two  bunches. 
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Fig  6.  X-ray  energy  and  angular  distributions  obtained  with 
an  ideal  electron  beam  and  ideal  photon  beam 
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Fig,  7.  X-ray  energy  and  angular  distributions  obtained  with 
the  electron  beam  and  photon  beams  coming  from  the  Vanderbilt 
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Fig.  8.  The  spread  of  x-ray  energies  delivered  at  various  angles 
from  the  center  of  the  electron  beam.  The  various  plots  show 
the  effect  of  changing  the  radius  of  the  electron  beam. 

In  the  MFEL,  the  beam  consists  of  micropulses  of  a 
few  picoseconds  duration  at  intervals  of  350  picoseconds, 
spread  over  several  microseconds  (Fig.  9).  Tentative 
parameters  are  a  current  of  20  A  over  5  picoseconds, 
and  a  macropulse  of  10  microseconds.  Then  Nc  =  6.25 
X  108  electrons  per  micropulse.  In  a  single  pass  system 
in  which  each  micropulse  of  photons  sees  each  micropulse 
of  electrons  once,  the  product  N-yf  is  the  number  of 
photons  per  second.  For  a  beam  of  6W  and  2/2  this  product 
is  Nyf  =  6  X  1019  photons  per  second  (since  there  are 
1.7  X  106  micropulses  per  second  and  3.5  X  1013  photons 
per  micropulse). 

The  area  depends  on  how  tightly  the  beams  are  focused. 
The  product  of  the  radius  of  the  beam  times  the  angular 
divergence  is  equal  to  the  normalized  emittance  yt.  The 
MFEL  n-y(  is  approximately  7  n  mm-mrad.  As  the  area 
of  the  electron  beam  shrinks,  the  increasing  divergence 
of  the  electrons  results  in  a  broader  spectrum  of  x-ray 
energies  at  a  given  laboratory  angle.  By  making  the  area 
of  the  beam  small,  one  increases  the  rate,  but  the 
monochromaticity  of  the  beam  will  be  reduced.  The  effect 
of  the  beam  divergence  must  be  kept  comparable  to  those 
of  other  uncertainties,  such  as  the  spread  of  beam  energy, 
which  is  about  1%. 

Higher  Energy  Photons  from  Backscatter 

Although  the  original  configuration  of  the  FEL/CBD 
will  yield  x-ray  photons  at  17.9  keV,  more  energetic 
photons  may  be  easily  produced  by  any  one  or  more 
of  several  methods. 

Increasing  the  energy  of  the  electron  beam  not  only 
produces  shorter  wavelength  radiation,  but  has  the  added 
benefits  of  creating  a  higher  flux  (more  photons  per 
second)  that  scatters  at  a  smaller  angle  and  is  more 
monochromatic  (narrower  bandwidth).  For  example,  an 


60  Hertz 


Micropulse  each  350  picoseconds  apart 
(a  lew  picoseconds  long) 

Fig.  9.  The  pulse  structure  of  the  FEL  is  programmable  with 
the  maximal  repetition  rate  for  macropulses  at  60  Hz.  Micropulses 
of  a  few  picoseconds  in  length  may  be  bunched  together  to  form 
whatever  macropulse  one  desires. 


electron  beam  of  55  MeV  produces  light  output  from 
the  FEL  at  1.25  p.  This  combination  of  electron/ photon 
interaction  in  the  FEL/CBD  will  produce  x-ray  photons 
at  49  keV. 

FELS  may  be  operated  at  harmonics  of  the  primary 
frequency  but  with  a  lower  power  output.  This  photon 
output  may  be  used  to  generate  higher  keV  x-rays  with 
the  FEL/CBD;  or  the  primary  frequency  of  the  FEL  can 
be  doubled  by  passing  its  output  through  frequency 
doubling  crystals  after  the  light  has  left  the  FEL  (both 
situations  would  reduce  x-ray  photon  flux  significantly). 

High  average  power,  ultrafast  conventional  lasers  may 
also  be  used  with  the  FEL/CBD  both  boosting  photon 
flux  and  creating  more  energetic  x-rays,  given  that  the 
electron  beam  energy  may  remain  fixed.  One  to  two  orders 
of  magnitude  increase  in  photon  flux  may  also  be  achieved 
by  causing  multiple  interactions  between  each  electron 
pulse  and  each  light  pulse.  Several  methods  of  achieving 
this  have  been  proposed.  By  including  the  lasing  medium 
in  one  limb  of  a  ring  amplifier,  and  placing  the  interaction 
zone  in  one  of  the  other  limbs,  a  significant  increase  in 
light  photon  flux  is  created,  such  that  the  electron  pulses 
“see”  a  much  more  intense  light  beam  (Fig.  10). 

Initial  Use  of  the  FEL/CBD 

When  radiation  interacts  with  matter  in  the  lower  keV 
energy  range,  photoelectric  effects  can  be  used  to  great 
advantage  to  reduce  scattered  radiation,  enhance  natural 
tissue  contrast,  and  establish  the  elemental  composition 
of  the  tissue  irradiated.  As  radiation  energy  increases,  the 
amount  of  the  x-ray  beam  that  is  absorbed  continues 
to  decrease  until  the  energy  of  the  photons  slightly  exceeds 
the  binding  energy  of  the  inner  K-shell  electron.  At  that 
point,  there  is  an  abrupt  increase  in  the  absorption  of 
the  radiation  beam  called  the  “K-edge”,  something  which 
is  particularly  pronounced  in  high  atomic  number 
absorbers. 
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Fig.  10.  Including  the  lasing  medium  in  the  ring  cavity  that 
contains  the  interaction  zone  markedly  increases  the  photon  flux 
"seen '  by  the  electron  beam  thereby  significantly  boosting  the 
x-ray  flux  exiting  the  interaction  zone. 

Among  the  atomic  species  most  important  in  biological 
substances,  hydrogen,  carbon,  nitrogen,  oxygen,  sodium, 
sulphur,  chlorine,  potassium,  calcium  and  iron  have 
discrete  k-edges  which  are  in  the  low  keV  energy  range. 
Other  substances  such  as  copper,  iodine,  and  barium  have 
K-edges  which  are  below  40  keV  (Table  2).  For  maximal 
x-ray  absorption,  the  energy  of  the  x-ray  beam  should 
be  as  closely  matched  to  the  K-edge  of  the  absorber  as 
is  possible. 

There  are  a  number  of  potential  diagnostic  uses  for 
near-monochromatic  x-radiation,  among  them  the 
detection  of  breast  cancer.  At  the  present  time,  an  accurate, 
noninvasive  mefhod  for  establishing  the  histologic 
characteristics  of  suspected  malignancies  within  the  breast 
is  not  available.  Surgical  excision  cf  suspected  lesions  with 
microscopic  examination  of  the  excised  tissue  remains 
the  only  option  when  a  suspected  lesion  is  present.  Surgical 
removal  carries  with  it  morbidity  and  often  anguish  for 
the  woman  involved.  The  cost  in  financial,  social,  and 
psychological  terms  for  each  “curable”  cancer  found 
dictates  that  the  search  for  a  more  sensitive  and  specific 
screening  tool  than  present-day  mammography  or 
diaphanography  must  be  undertaken. 

By  illuminating  the  breast  or  any  other  tissue  with 
discrete  monochromatic  beams  of  x-ray  with  keV  energies 
between  0  and  40,  one  might  take  advantage  of  the 
photoelectric  effect  and  the  K-edges  of  the  above 
mentioned  “physiologic”  atoms  to  perform  elemental 
analysis  of  suspect  biologic  tissues.  Utilization  of  multiple 
narrow  lines  of  monochromatic  radiation  at  various  keV’s 
in  that  range  will  allow  elemental  analysis  and  subtraction 
imaging  in  soft  tissues.  Our  ultimate  objective  is  to  create 
a  screening  tool  using  the  FEL  CBD,  to  simultaneously 
discover  and  histologically  characterize  intramammary 
lesions  using  near-monochromatic  x-ray  beams.  This 


technique  will  eventually  be  extended  to  other  organ 
systems  throughout  the  body. 

Many  factors  are  known  concerning  breast  tumors 
which  lend  credence  to  our  expectation  that  near- 
monochromatic  x-ray  beam  elemental  analysis  and 
imaging  stand  an  excellent  chance  for  success.  To  some 
extent,  it  has  already  been  shown  by  Johns  et  al5  that 
at  40  keV  and  below,  there  is  a  statistically  significant 
difference  in  the  attenuation  coefficients  for  neoplastic 
and  normal  tissues  in  the  breast.  This  difference  becomes 
even  more  statistically  significant  below  30  keV. 

There  are  also  decided  differences  in  the  molecular  and 
cellular  composition  of  neoplastic  tissues  that  discriminate 
them  from  normal  tissues  such  as:  polyploidy  and 
differential  DNA/RNA  content  than  quiescent  cell 
populations,  neovascularization  with  higher  blood  flow, 
higher  hyaluronidase  activity  than  normal  interstitial  fluid, 
elevation  in  the  water  content  of  the  interstitial  spaces, 
higher  hematocrit  in  the  blood  passing  through  tumors 
due  to  greater  fluid  leakage  from  the  vessels,  increased 
calcium  content  in  the  regions  surrounding  tumors 
(associated  in  some  measure  with  the  calcifications  visible 
with  plain  film  mammography),  and  a  discrete  variability 
in  the  diffusion  gradients  for  nutrients  and  metabolic 
products  in  tumorous  tissues,  as  well  as  necrosis  within 
them.  With  such  significant  alterations  in  the  regional 
biochemistry,  cellular  architecture,  and  elemental  content, 
the  absorption  and  transmission  of  multiple  discrete 
monochromatic  beams  might  be  significantly  altered 
relative  to  normal  tissue. 

The  initial  use  of  this  device  is  centered  on  excised 
tissue  samples,  followed  by  tests  on  nude  mice  with  human 
mammary  carcinomas  implanted  in  their  soft  tissues.  First 
proofs  are  to  be  followed  by  application  of  this  high 
contrast;  low  dose  imaging  modality  to  detection,  analysis 
and  treatment  of  breast  lesions  in  humans. 

Radiation  Dose  Considerations 

The  advantage  of  low-energy  x-rays  for  producing 
images  with  high  soft-tissue  contrast  has  been  recognized 


TABLE  2.  Some  K-Edges  ot  Importance 


Element 

K-Edge  (keV) 

Potassium 

36 

Calcium 

40 

Iron 

7.1 

Copper 

9.0 

Zinc 

9.7 

Gallium 

10.0 

Bromine 

13.5 

Technetium 

21  0 

Silver 

255 

Iodine 

33.2 

Xenon 

34.5 

Barium 

37.4 
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for  some  time.  This  is  due  primarily  to  dominance  of 
the  photoelectric  interaction,  where  the  x-ray  energy  is 
absorbed  without  the  creation  of  significant  scattered 
radiation.  This  is  in  contradistinction  to  the  Compton 
interaction  which  dominates  at  energies  above  25  keV, 
and  causes  a  reduction  in  contrast  on  the  order  of  3  to 
6  times  due  to  scatter. 

Estimates  have  been  made  of  the  doses  that  might  result 
from  the  use  of  narrow-beam  low-energy  monoenergetic 
beams  relative  to  doses  received  from  conventional  film/ 
screen  x-ray  mammography.  Conventional  systems  deliver 
a  dose  of  0.06  rad  with  a  skin  entrance  exposure  of  0.370 
R.  In  the  manner  previously  described  by  Johns  and  Yaffe, 
entrance  exposures  were  calculated  for  simulated  breast 
tissue,  4.0  cm  thick,  in  which  a  0.3  cm  lesion  had  been 
placed.  The  calculations  assumed  complete  scatter 
rejection,  unit  detector  efficiency,  breast  composition  of 
50('i  adipose  and  50%  glandular  tissue  and  a  linear 
attenuation  coefficient  of  the  lesion  which  is  5%  greater 
than  the  surrounding  breast  tissues.  An  optimized  system 
for  breast  imaging  using  monochromatic  radiation  such 
as  that  described  here  may  reduce  entrance  exposure  to 
the  breast  by  a  factor  of  9  to  46  limes. 

As  the  energy  of  the  x-ray  beam  produced  increases, 
the  techniques  described  here  will  be  extended  to  other 


areas  of  the  body.  keV’s  of  40-50  should  be  relatively 
easy  to  obtain  and  will  be  energetic  enough  to  image 
any  portion  of  the  body  with  similar  results. 
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Special  Article 

Generation  of  “Soft  X-Rays”  by  Using 
the  Free  Electron  Laser  as  a  Proposed 
Means  of  Diagnosing  and  Treating 
Breast  Cancer 

Frank  E.  Carroll,  MD 

Department  of  Radiology  and  Radiological  Sciences,  Vanderbilt  University  Medical 
Center,  Nashville,  Tennessee  37232-2675 

The  diagnosis  and  treatment  of  breast  lesions  may  be  markedly 
enhanced  by  the  use  of  a  unique  new  source  of  near-monochro¬ 
matic  x-rays. 

Concentric  beams  of  near-monochromatic  x-ray  photons  may 
be  generated  by  collision  of  the  free  electron  laser  (FEL)  electron 
beam  with  the  optical  beam  in  an  interaction  zone  that  delivers 
the  x-rays  to  a  shirtsleeve  environment. 

The  absence  of  Compton  scatter  and  the  photoelectric  interac¬ 
tion  within  tissues  improves  conspicuity  of  lesions  by  two  to  six 
times.  Increased  attenuation  of  x-rays  in  malignant  vs.  normal 
tissues  makes  tumors  more  obvious.  K-edge  subtraction  allows 
chemical  analysis  of  tumors  in  vivo — all  at  radiation  doses  that 
are  one-tenth  to  one-fiftieth  that  delivered  by  the  lowest-dose 
mammographic  x-ray  technique  available.  This  allows  for  an  in¬ 
creased  sensitivity  and  specificity  and  permits  prediction  of  his¬ 
tology,  negating  necessity  for  biopsies. 

Selective  bond-breaking  at  depth  in  tissues  as  well  as  x-ray- 
activated  photodynamic  therapy  are  also  being  explored. 

Key  words:  Compton  backscatter,  monochromatic  x-rays,  breast  lesions 


INTRODUCTION 

Since  Roentgen’s  initial  use  of  x-rays  in 
1895,  our  accuracy  in  diagnostic  radiology  has 
been  hampered  somewhat  by  the  wide  spectrum 
of  radiation  emitted  by  x-ray  tubes  (Fig.  1).  Ex¬ 
tremely  soft  x-rays  do  not  penetrate  the  skin  or 
other  tissues  sufficiently  to  yield  detectable  infor¬ 
mation  on  film  or  with  other  imaging  devices. 
(These  x-rays  only  increase  the  undesirable  radi¬ 
ation  dose  to  the  patient.)  On  the  other  end  of  the 
spectrum  produced  by  x-ray  tubes,  scattered  radi¬ 
ation  becomes  problematic  due  to  off-axis  scatter¬ 
ing  within  the  part  imaged,  creating  fog  (noise)  in 
the  imaging  chain,  which  reduces  visibility  of 
structures  within  the  tissues.  If  we  were  able  to 
produce  x-rays  at  or  near  the  frequency  best 
suited  to  the  particular  imaging  task  at  hand,  we 


could  significantly  improve  the  sensitivity  and 
specificity  of  our  diagnostic  imaging  (Fig.  2). 

At  the  Vanderbilt  Medical  Free  Electron  La¬ 
ser  (FEL)  Facility,  current  research  is  being  di¬ 
rected  toward  the  earlier  diagnosis  and  treatment 
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Fig.  1.  Standard  x-ray  tubes  emit  radiation  with  a  distribu¬ 
tion  such  as  that  shown.  A:  At  the  upper  end  of  the  spectrum, 
Compton  scattering  contributes  significantly  to  noise  by  fog¬ 
ging  the  x-ray  film,  obscuring  detail.  B:  At  the  low  end  of  the 
energy  range,  the  x-rays  are  so  “soft”  that  they  do  not  pene¬ 
trate  the  part  being  imaged;  thus,  no  image  is  formed.  These 


“soft”  x-rays  impart  a  marked  increase  in  radiation  dose  to 
the  patient.  C:  X-rays  from  the  useful  region  of  the  spectrum 
partially  interact  with  the  soft  tissues  and  are  absorbed, 
while  the  remainder  of  the  beam  passes  on  to  the  film  without 
any  scatter. 


of  breast  cancer  without  the  need  for  surgical  pro 
cedures  such  as  biopsy  or  lumpectomy,  through 
the  use  of  near-monochromatic  x-ray  beams.  This 
new  type  of  radiation  beam  has  the  desirable 
qualit  :  of  tunability,  high  flux  rates  for  imag¬ 
ing,  and  a  pulse  structure  that  mimics  that  of  the 
FTL. 


MATERIALS  AND  METHODS 
The  Free  Electron  Laser 

Passage  of  a  near-relativistic  electron  beam 
over  a  magnetic  field  of  alternating  north-south 
polarity  stimulates  emission  of  characteristic  ra¬ 
diation,  which,  when  bounced  between  optical 
cavity  end  mirrors,  interacts  with  the  electron 
beam  in  such  a  way  that  the  light  emitted  is  sig¬ 
nificantly  amplified.  The  variable  pulse  structure 
of  the  FEL  allows  emission  of  exceedingly  power¬ 
ful  laser  pulses  in  the  picosecond  timeframe.  Al¬ 
teration  of  the  periodicity  of  the  magnets,  modifi¬ 
cation  of  the  strength  of  the  magnetic  field,  or 
change  in  the  energy  of  the  electron  beam  permits 
one  to  tune  the  FEL  to  innumerable  frequencies 
throughout  the  electromagnetic  spectrum.  The 


Fig.  2.  By  tuning  the  FEL  Compton  backscatter  device  to  the 
useful  energy  range  and  specifically  to  the  desired  narrow 
frequency,  one  is  better  able  to  image,  chemically  probe,  and 
treat  lesions  deep  within  tissues. 

reader  is  referred  to  a  more  comprehensive  text 
for  further  elucidation  of  the  physics  involved  in 
FEL  photon  production  1 1  ]. 
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Fig.  3.  Head-on  collision  of  an  electron  beam  traveling  close 
to  the  speed  of  light  with  an  infrared  or  light  laser  photon 
creates  x-ray  photons  scattered  backward  along  the  direction 
the  electrons  were  traveling.  (The  angle  is  exaggerated  here 
for  clarity.)  Some  of  the  electron’s  energy  is  lost  to  the  photon. 
(From:  Carroll  FE,  Waters  JW,  Price  RR,  Brau  CA,  Roos  CF, 


Tolk  NH,  Pickens  DR,  Stephens  WH.  Near-monochromatic 
x-ray  beams  produced  by  the  free  electron  laser  and  Compton 
backscatter.  Invest  Radiol  1990;  25:465-471.  |2)  Reprinted 
with  permission  of  the  publisher,  JB  Lippincott  Co.,  and  the 
author.) 


Compton  Backscatter  Device 

Head-on  collision  of  the  electron  beam  nor¬ 
mally  discarded  from  the  FEL  with  the  intense 
photon  output  of  the  FEL  in  a  specially  designed 
interaction  zone  12]  produces  a  near-monochro¬ 
matic  beam  of  x-rays  by  a  phenomenon  long  known 
to  high-energy  physicists  as  Compton  backscatter 
(Fig.  3).  These  near-monochromatic  x-rays  can  be 
shunted  to  an  imaging  laboratory  on  the  floor 
above  the  FEL  vault  at  Vanderbilt’s  facility  13]. 

Infrared  or  light  photons  of  different  fre¬ 
quencies  may  be  used  for  these  collisions  with  the 
electron  beam,  which  itself  may  be  varied  by  in¬ 
creasing  its  energy.  This  allows  one  to  select  the 
most  useful  frequency  for  the  tissue  or  part  to  be 
studied.  The  initial  configuration  of  the  FEL  at 
Vanderbilt  (Fig.  4)  will  allow  the  production  of 
17.9  keV  x-rays  in  a  tightly  coned  beam  that  di¬ 
verges  very  little.  The  energy  spread  of  the  elec¬ 
tron  beam  and  the  phase  differences  between  the 
electrons  in  the  beam  create  concentric  circles  cf 
near-monochromatic  x-rays  about  the  most  ener¬ 
getic  and  intense  central  beam.  An  observer  gaz¬ 
ing  directly  into  the  center  of  the  x-ray  beam 
would  see  concentric  circles  of  different  energy 
(Fig.  5). 

DISCUSSION 

Radiation  Effects  in  Tissues 

X-rays  in  the  10-30  keV  range  interact  with 
tissues  in  two  discrete  ways.  Photoelectric  inter¬ 


action  predominates  from  10  to  20  keV,  whereas 
Compton  scattering  effects  take  precedence  above 
20  keV  (Table  1). 

The  photoelectric  interaction  is  portrayed  in 
Figure  6.  An  x-ray  photon  traversing  the  tissue 
interacts  with  electrons  in  their  respective  atomic 
orbits  when  the  energy  of  the  photon  is  very  near 
the  binding  energy  of  one  of  these  electrons.  The 
electron  is  ejected  from  the  atom,  and  an  electron 
from  an  adjacent  orbit  falls  into  the  void  created, 
releasing  characteristic  radiation  of  its  own,  leav¬ 
ing  a  positive  ion  within  the  tissues.  When  such 
an  interaction  occurs,  the  incoming  photon  is  es¬ 
sentially  extinguished,  such  that  a  negative  im¬ 
age  of  the  atom  or  molecule  with  which  it  inter¬ 
acted  is  created  in  the  residual  beam  that 
traverses  the  part  imaged  to  reach  the  receptor/ 
detector. 

At  slightly  higher  energies,  x-ray  photons 
scatter  off  of  atoms  (with  slightly  reduced  ener¬ 
gies)  at  angles  that  are  off-axis  from  the  central 
beam,  creating  a  useless  fog  of  radiation  that  does 
not  impart  worthwhile  information  to  most  detec¬ 
tors,  particularly  film. 

X-rays  are  attenuated  in  soft  tissues  by  dif¬ 
fering  amounts,  depending  upon  the  effective  den¬ 
sity  of  the  material  being  traversed,  the  atomic- 
number  of  the  atoms  in  the  molecules,  and  the 
number  of  electrons  per  gram  of  tissue.  In  breast 
tissue,  measurements  have  shown  that  fat  has  a 
lower  atomic  number  than  glandular  tissue, 
which,  in  turn,  has  a  lower  effective  atomic  num- 
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Fig.  4.  A:  The  electron  beam  used  for  the  FEL  can  be  redi¬ 
rected  to  an  interaction  zone,  where  it  may  collide  with  the 
laser  beam  from  the  FEL  itself  or  from  other  conventional 
lasers.  B:  The  FEL  consists  of  an  electron  source,  a  linear 
accelerator  to  boost  the  beam  to  near  relativistic  energy,  end 
mirrors  for  the  laser  cavity,  and  a  series  of  magnets  with 
alternating  north-south  orientation  (called  a  “wiggler”). 


ber  than  that  of  cancer.  Johns  and  Yaffe  [4|  have 
shown  a  distinct  difference  in  the  linear  attenua¬ 
tion  coefficients  of  fat,  normal  glandular  tissue, 
and  cancers  in  the  energy  range  from  110  keV  to 
18  keV,  with  a  noticeably  significant  and  increas¬ 
ing  separation  of  relative  attenuation  between 
normal  tissues  and  cancers  below  30  keV.  This 
difference  becomes  even  more  pronounced  below 
20  keV.  Since  the  optimal  range  for  the  FEL 
Compton  device  will  be  between  15  and  17.9  keV, 
study  of  similar  breast  tissues  by  our  group  is 
presently  underway  at  the  Brookhaven  National 
Laboratories  at  the  lower  energy  range  to  estab¬ 
lish  whether  or  not  the  widening  gap  in  relative 
attenuation  is  a  continuum  or  not.  Our  earliest 
data  for  the  energy  range  from  14.5  to  16.0  keV 
shows  similar  characteristic  alterations  in  rela¬ 
tive  attenuation  seen  by  the  Toronto  group  men¬ 
tioned  above.  We  will  be  returning  to  Brookhaven 
in  the  fall  of  1990  to  complete  our  work  before 
publication  to  fill  the  gap  between  16.0  and  18.0 
keV. 

Had  our  confirmatory  studies  underway  at 
Brookhaven  yielded  negative  or  equivocal  results, 
we  would  still  have  been  able  to  benefit  from  the 


(From:  Carroll  FE,  Waters  JW,  Price  RR,  Brau  CA,  Roos  CF, 
Tolk  NH,  Pickens  DR,  Stephens  WH.  Near-monochromatic 
x-ray  beams  produced  by  the  free  electron  laser  and  Compton 
backscatter.  Invest  Radiol  1990;  25:465-471.  121  Reprinted 
with  permission  of  the  publisher,  JB  Lippincott  Co.,  and  the 
author.) 


monochromatic  beams  described  here  by  increas¬ 
ing  the  effective  keV  to  approximately  20  keV 
(taking  advantage  of  already  proven  effects), 
since  we  presently  plan  to  explore  this  energy  re¬ 
gion  anyway,  as  the  device  can  potentially  emit 
monochromatic  x-rays  up  to  49.0  keV. 

Near-Monochromatic  X-rays 

By  eliminating  x-ray  frequencies  that  are 
not  in  the  optimal  keV  range,  radiation  dose  may 
be  reduced  considerably  (Table  2).  Compared  to 
the  lowest  dose  film-screen  mammographic  exam¬ 
inations  now  done  in  most  hospitals,  the  near- 
monochromatic  study  will  deliver  a  radiation  dose 
to  the  patient  that  will  be  from  one-tenth  to  one- 
fiftieth  as  much.  A  patient  would  be  able  to  re¬ 
ceive  a  mammogram  for  most  of  her  life  and  still 
only  receive  the  same  dose  now  acquired  on  a  sin¬ 
gle  study. 

The  eradication  of  scatter  also  allows  any  le¬ 
sions  in  the  breast  to  be  seen  two  to  six  times 
better,  due  to  the  reduction  of  noise/fog  on  the 
film. 

Use  of  selected  tunable  x-ray  frequencies 
such  as  afforded  by  the  Compton  device  carries 
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Fig.  5.  The  x-ray  beam  created  by  the  Compton  backscatter 
device  consists  of  concentric  rings  of  photons  at  lower  and 
lower  energies  as  one  moves  radially  outward  from  the  center 
of  the  beam.  The  vast  majority  of  the  photons  are  at  the  center 
of  the  beam — all  with  the  highest  energy  obtainable  for  a 
given  set  of  machine  parameters;  lower  energy  rings  are  of 


TABLE  1.  X-Ray  Interactions  With  Matter: 
c/c  Photoelectric  Vs.  Compton  Scatter 


Photon  energy 
(keV) 

Photoelectric  interactions 
as  a  percent  of  total 
(approx  ),  9 i 

10 

95 

15 

80 

20 

60 

30 

30 

with  it  the  added  benefit  of  being  able  to  explore 
K-edge  absorption  within  the  tissues,  permitting 
“chemical”  analysis  of  breast  tissues  without  the 
need  for  excision.  As  the  x-ray  energy  reaches  the 
binding  energy  of  the  K-shell  electron,  there  is  a 
sudden  increase  in  absorption  of  the  beam  (the 
K-edge),  revealing  the  presence  of  specific  atoms 
(Fig.  7).  Even  if  the  absorption  K-edge  is  lower 
than  the  energy  selected,  some  effect  can  still  be 
seen  or  observed.  As  an  example,  local  calcium 
concentrations  are  higher  in  breast  lesions.  Even 


lower  intensity.  (From:  Carroll  FE,  Waters  JW,  Price  RR, 
Brau  CA,  Rons  CF,  Tolk  NH,  Pickens  DR,  Stephens  W'H. 
Near-monochromatic  x-ray  beams  produced  by  the  free  elec¬ 
tron  laser  and  Compton  backscatter.  Invest  Radiol  1990;  25: 
465-471.  [2]  Reprinted  with  permission  of  the  publisher,  JB 
Lippincott  Co.,  and  the  author.) 

if  the  K-edge  of  calcium  is  too  low  to  image,  chro- 
mophores  that  monitor  local  calcium  concentra¬ 
tion  can  be  used  and  imaged. 

The  exceedingly  short  pulses  delivered  by 
the  FEL  are  also  reflected  in  the  monochromatic 
x-rays  produced  by  the  Compton  backscatter  de¬ 
vice.  A  common  thread  weaving  itself  through  all 
of  the  research  being  done  at  the  Vanderbilt  FEL 
is  an  inquiry  into  the  non-thermal/non-linear  ef¬ 
fects  caused  in  tissues  by  the  unique  pulse  struc¬ 
ture  and  wavelengths  attainable  with  this  excep¬ 
tional  laser.  Similarly,  we  will  be  searching  for 
frequencies  that  affect  the  malignant  cells  while 
leaving  normal  cells  and  cell  processes  un¬ 
changed.  If  found  (and  there  are  reasons  to  be¬ 
lieve  that  they  will  be),  this  will  open  the  door  to 
a  new  form  of  radiotherapy. 

Detectors 

Traditionally,  film-screen  combinations  have 
been  used  for  routine  mammography.  They  are  not 
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Fig.  6.  The  photoelectric  interaction,  dislodgment  of  a  K- 
shell  electron  by  an  x-ray  photon,  occurs  predominantly  be¬ 
low  20  keV  and  can  be  used  to  greatest  advantage  in  breast 
imaging.  The  characteristic  radiation  produced  when  an 
outer  shell  electron  fills  the  void  left  by  the  photoelectron 
from  the  K-shell  is  of  such  low  energy  that  it  does  not  leave 
the  soft  tissues. 


TABLE  2.  Radiation  Dose  Vs.  Beam  Energy 
(in  keV)  in  Mammography 


Beam  energy 
ikeV) 

Entrance  exposure 
(R) 

10 

106.0 

15 

0.042  (42  mR) 

20 

0.008  (8  mR) 

28  (standard  low-dose 

0.370  (370  mR) 

mammography) 

always  the  best  or  most  efficient  detectors  of  x- 
rays.  If  only  the  central  portion  of  our  beam  is  used 
for  imaging,  our  studies  will  truly  be  near-mono¬ 
chromatic.  However,  the  concentric  rings  of  radi¬ 
ation  at  progressively  lower  keV  can  be  used  not 
only  to  impart  structural/positional  information 
about  a  lesion,  but  also  to  simultaneously  acquire 
energy  information  concerning  that  same  lesion. 
Charge-coupled  devices  (CCDs)  lend  themselves  to 
the  rapid  acquisition  of  this  spatial  and  energy- 
dependent  data  (Fig.  8).  By  scanning  the  beam,  the 
patient,  or  the  detection  system,  one  may  store 
information  from  each  pixel  into  a  portion  of  mem¬ 
ory  set  aside  for  a  particular  energy  level  which 
could  later  be  formed  into  a  unique  energy  picture 
of  the  part  imaged.  These  several  images  could 
stand  alone  as  energy-specific  images  or  be  added 
to  or  subtracted  from  one  another  to  synthesize 
additional,  more  complex  facsimiles  of  the  breast 
or  other  part  imaged. 


16keV 

'X/X/ 


Fig.  7.  As  progressively  higher  keV  photons  are  passed 
through  the  tissues,  a  point  is  reached  where  the  x-ray  energy 
coincides  with  the  binding  energy  of  the  K-  or  L-shell  elec¬ 
trons  such  that  the  beam  is  suddenly  absorbed  to  a  signifi¬ 
cantly  greater  degree,  allowing  one  to  detect  the  presence  of 
specific  elements,  both  with  imaging  systems  and  spectral 
analysis  systems. 


The  characteristics  of  speed,  tunability, 
power,  and  versatility  permit  the  FEL  to  be  used 
to  create  near-monochromatic  x-ray  beams  that 
are  useful  for  the  earlier  diagnosis  and  treatment 
of  breast  malignancies.  This  technique,  however, 
is  not  limited  to  the  breast.  Breast  cancer  will  be 
studied  first,  due  to  the  ideal  energy  range  avail¬ 
able  on  FEL  startup,  the  importance  of  this  ill¬ 
ness  to  an  overwhelming  portion  of  our  popula¬ 
tion,  and  the  accessibility  and  thickness  of  the 
part  to  be  imaged.  Extension  of  this  procedure  to 
other  areas  of  the  body  will  be  pursued  in  short 
order  as  the  machine  is  capable  of  producing  x- 
rays  of  up  to  49  keV  with  few  adjustments. 
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The  initial  diagnostic  application  for  the  free  electron  laser  will 
probably  be  in  breast  screening 


Tuneable  laser  may  offer 
in  vivo  tissue  analysis 


While  lasers  have  become  com¬ 
mon  in  medicine  for  cutting, 
burning  and  ablation,  radiologists 
have  only  begun  to  tap  their  potential 
in  diagnostic  medicine.  The  use  of 
this  unique  source  of  radiation  has 
been  limited  to  patient  positioning 
devices,  image  printing  cameras,  and 
laser  angioplasty.  Researchers  are 
breaking  new  ground,  however,  with 
work  on  a  “tuneable”  laser  that  could 
replace  surgical  biopsies  in  determin¬ 
ing  the  etiology  of  breast  lesions. 

Unlike  the  typical  light  bulb,  which 
emits  photons  across  a  range  of 
wavelengths,  laser  light  is  distinctive 
in  that  its  photons  fall  within  an 
extremely  narrow  bandwidth.  Laser 
photons  are  emitted  in  lockstep  con¬ 
cordance  as  a  coherent  synchronized 
beam.  This  coherence,  along  with  the 
capability  of  lasers  to  amplify  light  to 
high  power  densities,  has  opened  the 
door  tosuch  technologies  as  expanded 
fiber-optic  telecommunications,  ho¬ 
lography  and  exceptionally  accurate 
measuring  devices. 

Standard  x-ray  tubes  are  similar  to 
light  bulbs  in  that  they  emit  a 
broadband  spectrum  of  radiation, 
including  photons  with  energies  from 
10  to  150  keV.  Much  of  the  output  of 
an  x-ray  tube  is  wasted  radiation, 
causing  scatter  that  offers  no  useful 

DR.  CARROLL  is  chiel  o!  chest  radiology  at 
Vanderbilt  University.  Nashville.  Assisting  hirr  in 
the  preparation  of  this  article  were  Carlton  F. 
Roos.  M.D..  Ron  R  Price,  Ph.D.,  David  R. 
Pickens,  Ph.D.,  and  W.  Hoyt  Stephens,  all ol  the 
department  ot  radiology  at  Vanderbilt,  and 
James  W.  Waters,  Ph.D.,  Charles  A.  Brau,  Ph  D., 
and  Norman  H  Toik,  Ph  D ,  all  ol  the 
department  ol  physics  and  astronomy  at  the 
same  institution 


information  but  fogs  film  and  is 
absorbed  by  the  patient.  “Softer"  x- 
rays  are  necessary  in  modalities  like 
mammography  to  define  contrast 
differences  between  the  various  com¬ 
ponents  of  the  breast.  If  the  energy  of 
the  x-ray  beam  could  be  tuned  to  the 
most  useful  frequency  for  the  task  at 
hand,  patient  dose  might  be  reduced 
and  contrast  detail  boosted  by  several 
orders  of  magnitude. 

X-ray  lasers  have  been  devised  and 
operated  in  brief  bursts  by  emission 
from  excited  plasmas  pumped  by 
powerful  lasers,  such  as  those  used  in 
fusion  research.  A  source  ot  narrow- 
bandwidth  x-rays  that  is  tuneable, 
controllable  and  of  sufficient  strength 


for  imaging  has  heretofore  been  un¬ 
available,  however. 

FREE  ELECTRON  LASERS 

A  multidisciplinary  research  group  at 
Vanderbilt  University  was  awarded  a 
grant  in  1987  by  the  Strategic  De¬ 
fense  Initiative  Organization  and  the 
Office  of  Naval  Research  to  explore 
the  usefulness  of  the  free  electron 
laser  (FEL)  in  the  biomedical  and 
materials  areas.1 

The  FEL  is  a  unique  device  that  is 
theoretically  capable  of  being  tuned 
to  any  frequency  across  a  large 
portion  of  the  electromagnetic  spec¬ 
trum,  from  radiowaves  to  x-rays.  This 
includes  the  entire  visible  spectrum. 
This  laser  may  deliver  its  radiation  in 
brief  bursts  lasting  picoseconds  or 
femtoseconds,  but  is  also  capable  of 
continuous  operation.  Because  of  its 
adjustable  pulse  structure  and  tune- 
ability,  the  FEL  can  be  used  to 
explore  the  nonlinear  and  nontherma! 
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FIGURE  I.  Schematic  diagram  of  tree  electron  laser  Electron  beam  is  loiced  to  lone*  unejanng 
path  between  magnets  with  alternating  north-south  orientation,  causing  emission  oft-gti  o’  r'  s’ed 
photons  As  these  photons  bounce  repeatedly  between  end  mirrors  ol  resonate.'  cavity  they 
interact  with  electrons,  causing  extensive  amplification. 
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FIGURE  2.  Head-on  collision  ol  near  relativistic  electrons  and  light  or  mlrared  photons  yields 
back  wardly  scattered  photons  with  appreciably  shortened  wavelengths  (x-ray  photons).  These  x- 
rays  are  scattered  back  wards  in  line  that  is  almost  collinear  with  direction  ol  electron  beam.  Angle  is 
exaggerated  here  lor  clarity. 


effects  that  this  type  of  radiation  may 
have  on  tissues  and  other  materials. 

The  FEL  consists  of  an  electron 
source  and  an  accelerating  device 
capable  of  delivering  a  beam  of  high- 
quality  electron  bunches  at  velocities 
near  the  speed  of  light.  These  electron 
pulses  are  directed  through  an  oscil¬ 
lating  magnetic  field  such  as  is 
produced  by  a  series  of  permanent 
magnets  with  alternating  north-south 
orientation. 

The  latter  apparatus,  called  a 
“wiggler,”  sits  between  a  pair  of 
mirrors  in  the  laser  cavity.  As  the 
electron  beam  traverses  the  changing 
magnetic  field,  it  is  compelled  to 
wiggle  back  and  forth,  emitting  char¬ 
acteristic  radiation,  part  of  which 
bounces  between  the  mirrors  at  the 
ends  of  the  cavity.  As  the  light 
repeatedly  traverses  the  wiggler  cav¬ 
ity,  it  loo  interacts  with  the  electron 
beam  in  such  a  manner  that  the  light 
is  amplified  (Figure  1). 

By  changing  the  energy  of  the 
electron  beam,  or  by  altering  the 
periodicity  or  strength  of  the  wiggler 
magnets,  one  may  tune  the  laser  to 
any  desired  frequency-’ * 

Conventional  lasers  produce  their 


radiation  at  one  or  two  fixed  frequen¬ 
cies  (unless  their  radiation  is  passed 
through  frequency  doubling  crystals) 
or  within  a  small  tuneable  band.  The 
gaps  left  in  the  electromagnetic  spec¬ 
trum  can  now  be  filled  by  the  FEL. 

This  vastly  tuneable  tool  has  not  yet 
been  driven  at  x-ray  wavelengths 
directly.  It  may,  in  fact,  be  some  time 
before  electron  beams  of  such  high 
quality  and  energy  or  wigglers  of  such 
design  come  to  pass.  However,  the 
Vanderbilt  Medical  Free  Electron 
Laser  group,  with  grant  support  from 
the  Eastman  Kodak  health  sciences 
division,'  has  devised  a  method  to 
indirectly  force  the  FEL  to  produce 
nearly  monochromatic  x-ray  beams 
that  are  tuneable,  have  a  pulse  struc¬ 
ture  identical  to  the  FEL.  and  have  a 
high  enough  photon  flux  to  perform 
both  imaging  and  in  vivo  tissue 
analysis. 

FEL/COMPTON  DEVICE 

The  electron  beam  used  in  the  FEL  is 
normally  discarded  in  a  “beam 
dump"  after  it  has  excited  the  w  iegler 
cavity.  It  may,  however,  be  used  in 
another  way.  Nuclear  physicists  have 
long  capitalized  on  the  interaction  of 


electron  beams  with  other  photons  to 
create  a  type  of  radiation  called 
Compton  backscattcr.  This  is  done  by 
colliding  laser  light  into  an  electron 
beam.  The  electrons  imparl  some  of 
their  energy  to  the  incoming  photons 
and  scatter  them  backwards  in  a 
direction  that  is  almost  collinear  with 
the  direction  of  the  electron  beam. 
The  addition  of  this  energy  shortens 
the  photon  wavelength  appreciably 
(Figure  2). 

If  the  energy  of  the  electrons  and 
the  wavelength  of  the  incoming  pho¬ 
tons  arc  selected  properly,  the  resul¬ 
tant  scattered  photons  will  be  shifted 
into  the  x-ray  energy  range  of  one’s 
choice.  Luccio  and  Brill5  outlined  the 
procedure  in  1986  in  their  patent 
application. 

The  FEL  electron  beam  in  the 
Compton  Backscattcr  Device  (CBD) 
under  construction  at  Vanderbilt  will 
be  shunted  by  bending  and  focusing 
magnets  to  an  interaction  zone.  The 
infrared  or  visible  light  photon  output 
of  the  FEL  itself  (or  the  output  of 
other  conventional  lasers)  will  be 
directed  by  mirrors  to  the  same 
interaction  area  to  collide  head-on 
with  the  electron  beam.  The  x-rays 
produced  in  the  collision  will  be 
directed  from  the  FEL  vault  (which 
contains  intense  gamma  and  neutron 
radiation)  through  the  bore  of  a  large 
PVC  pipe  that  passes  obliquely 
through  a  6.5-fooi-ihick  concrete  ra¬ 
diation  shield  situated  above  the 
FEL,  finally  exiting  into  the  imaging 
laboratory  on  the  floor  above  the  vault 
(Figure  3). 

The  energy  distribution  of  the  x- 
rays  produced  and  their  angular 
dispersion  are  outlined  in  Figure  4. 

An  observer  looking  back  along  the 
central  axis  of  the  beam  produced  by 
this  device  would  see  an  x-ray  beam 
consisting  of  concentric  rings  of  dif¬ 
ferent  keVs.  This  spatial  separation 
of  near-monochromatic  beams  can  be 
useful  in  the  simultaneous  collection 
of  data  from  independent  loci  within 
tissues  at  different  keVs.  While  some 
voxels  of  tissue  are  being  probed  or 
imaged  at  18  keV,  others  nearby  rasy 
be  examined  at  16  or  17  keV.  if 
desired.  The  complementary  spatial 
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and  energy  information  for  each  voxel 
can  be  compiled  and  multiple  x-ray 
frequencies  explored  by  scanning  the 
beam  over  the  tissue  in  question,  by 
moving  the  sample,  or  by  altering  the 
parameters  of  the  electron  beam  or 
light  beams  in  the  interaction  zone. 

The  imaging  chain  will  consist  of 
charge-coupled  devices,  film  or  scin¬ 
tillation  detectors,  depending  on  the 
characteristics  of  the  tissue  under 
scrutiny. 

BREAST  IMAGING 

Because  the  x-rays  produced  by  the 
FEL  are  nearly  monochromatic  and 
spatially  defined,  they  may  serve  as  a 
probe  for  the  detection  of  K-edges  of 
various  chemical  elements.  This 
would  allow  chemical  maps  of  tissues 
under  study  to  be  made.  Because 
malignant  tissues  and  many  benign 
diseases  have  clearly  defined  chemi¬ 
cal,  physiologic  and  cellular  differ¬ 
ences  from  normal  tissues,  they  may 
be  differentiated  by  their  chemical 
composition.  The  tissue  in  question 
need  not  be  excised  from  the  body  for 
such  discrimination. 

The  initial  use  of  this  device  will 
likely  be  in  breast  imaging.  Breast 
biopsy  specimens  will  first  be  exam¬ 
ined.  They  will  be  filmed  with  stan¬ 


dard  mammographic  techniques,  fol¬ 
lowed  by  filming  with  the  near- 
monochromatic  beam.  The  specimens 
will  then  be  subjected  to  linear 
attenuation  analysis  and  K-edge  eval¬ 
uation.  The  characteristics  of  a  large 
number  of  specimens  will  be  used  to 
establish  a  database  from  which 
predictions  of  histology  might  be 
made  for  future  biopsies.  Once  the 
sensitivity  and  specificity  of  these 
techniques  are  known,  the  experiment 
will  move  into  the  in  vivo  environ¬ 
ment.  Nude  mice  with  mammary 
carcinomas  implanted  in  their  backs 
will  be  analyzed  in  a  manner  similar 
to  the  biopsy  specimen. 

The  technique  will  be  used  on 
patients  already  scheduled  for  breast 
biopsies  only  after  its  accuracy  has 
been  proved.  These  women  will  be 
studied  prior  to  surgery  and  an 
attempt  will  be  made  to  predict  the 
histology  of  their  lesions.  The  biopsy 
specimens  will  also  be  studied  postop- 
eratively  and  all  of  the  information 
correlated  with  pathologic  findings. 

The  entire  procedure  will  eventual¬ 
ly  be  extended  in  the  form  of  a 
screening  procedure.  The  entrance 
radiation  dose  to  the  breast  has  been 
calculated  to  be  0.11%  to  0.02%  of 
that  delivered  by  conventional  screen- 


film  systems.  As  this  modality  is 
refined,  it  is  meant  to  replace  surgical 
biopsy  in  determining  the  etiology  of 
suspicious  lesions. 

The  last  imaging  phase  of  the 
development  project  will  focus  on  3-D 
x-ray  holography  of  the  breast  and 
the  extension  of  its  analytic  capabili¬ 
ties  to  other  parts  of  the  body.  Since 
relatively  low  keV  photons  (under  50 
keV)  can  easily  penetrate  any  body 
part,  this  type  of  radiation  may  be 
used  to  image  internal  organs  and 
perform  chemical  analyses  in  situ. 
Intravenous  angiography  becomes 
more  practical  and  safer  at  low  doses 
of  contrast,  as  has  been  shown  with 
synchrotron  radiation  sources.' 

The  pulse  structure  of  the  FEL  x- 
ray  beam  is  such  that  radiation  pulses 
may  be  delivered  in  picosecond 
bursts.  Such  rapid  delivery  of  energy 
to  tissues  is  useful  in  another  way.  The 
vibrational  modes  of  DNA  fall  into 
the  picosecond  time  frame  so  that 
energy  from  one  pulse  may  be  deliv¬ 
ered  to  intracellular  strands  of  DNA 
in  a  few  .vibration  cycles,  breaking 
certain  bonds  that  arc  frequency- 
sensitive. 

Instead  of  the  laser  energy  creating 
tissue  disruption  by  thermal  means,  it 
can  enhance  or  retard  cellular  func- 


FICURE3.  vanoerbiit  Medical  Free  Electron  Laser  building  Shielded  vault  delivered  io  imaging  lab  through  12-mch  PVC  pipe  inai  passes  through 
on  lowest  level  houses  FEL  .  Compton  backscalier  device  is  on  leli  leg  of  thick  concrete  shield  Entire  building  except  entrance  and  HVAC 
triangular  addition  to  electron  beam  pipe  (black  box  at  arrow).  X-rays  are  equipment  is  underground 
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lions,  such  as  growth  or  death  by 
nontherma!  action.  Such  changes 
have  already  been  demonstrated  in 
cell  cultures  and  intact  animals  where 
fibroblast  stimulation  or  retardation 
has  been  achieved  by  exposure  to 
various  frequencies  and  pulse  para¬ 
digms.  These  latter  effects  have  been 
shown  at  visible  and  infrared  frequen¬ 
cies,  but  similar  effects  will  be  sought 
at  the  x-ray  frequencies  of  the 
FEL/CBD  to  explore  its  usefulness  as 
a  treatment  modality.  Potentially,  a 
lesicn  may  be  detected,  analyzed, 
identified  and  treated  by  a  single 
source  of  tuneable,  near-monochro¬ 
matic  x-irradiation. 

SHRINKING  LASER 

The  FEL  is  an  extremely  large  device 
that  occupies  the  major  portion  of  a 
heavily  shielded  100-foot-long  con¬ 
crete  vault.  The  laser  creates  ex¬ 
tremely  hazardous  radiation  levels 
around  itself  while  operating  and  is  an 
expensive,  temperamental  apparatus. 
How  practical  then  are  these 
machines1 

The  configuration  of  the  Vander¬ 
bilt  FEL  is  that  of  an  experimental 
prototype.  It  is  like  a  chameleon, 
flexible  enough  to  act  as  a  surgical 
tool  one  day,  a  spectroscopic  probe 
another  day.  and  a  producer  of  x-rays 
on  a  third.  It  can  also  service  all  those 
needs  simultaneously  without  major 
changes.  When  a  specific  spectral  line 
yields  some  of  its  secrets  and  shows 
major  promise  as  a  surgical  tool  or  as 
another  medical  device,  a  more  com¬ 
pact  dedicated  laser  of  either  the 
conventional  or  FEL  type  may  be 
constructed  for  further  testing  or 
clinical  use.  The  FEL  can  then  be 
tuned  to  some  other  frequency  or 
pulse  format  of  interest  for  explora¬ 
tion  of  its  usefulness. 

Comprehensive  research  is  under 
way  at  several  national  laboratories  to 
devise  a  more  compact  FEL.  Los 
Alamos  National  Laboratories  in 
New  Mexico,  in  particular,  has  made 
inroads  towards  shrinking  the  elec¬ 
tron  gun  to  a  device  only  18  inches 
long.  Electromagnetic  wigglers  and 
newer  accelerator  technology  have 
advanced  to  the  point  of  test  imple¬ 


Distnbution  of  x-ray  energies  obtained  in  FEL/BCD  using 
parameters  ol  FEL  as  delivered  (curves  A  and  B)  and  lor  system 
with  electron  beam  energy  increased  to  55  MeV  Curve  B  is 
distribution  ol  x-rays  when  interaction  zone  is  canted  15 c  ott-axis 
from  photon  beam.  Little  change  is  seen  m  number  or  energy  of 
photons  produced  This  allows  electron  and  x-ray  beams  to  skirt 
past  end  mirrors  used  to  direct  photon  beam  at  interaction  zone. 
Were  x-ray  or  electron  beam  required  to  pass  through  mirrors, 
there  would  be  extensive  attenuation  of  beams  and  damaging 
effects  to  mirror 


mentation.  One  of  the 
goals  of  FEL  research 
is  to  fabricate  a  laser 
system  that  would  fit 
safely  into  a  standard 
x-ray  or  operating 
room. 

ANGIOPLASTY 

Lasers  are  used  in 
some  radiology  depart¬ 
ments  to  perform  laser 
angioplasty.  This  in 
some  respects  is  a  “me 
too"  application,  pat¬ 
terned  after  the  pre¬ 
liminary  work  of  sur¬ 
geons,  cardiologists 
and  interventional  ra¬ 
diologists.  More  ex¬ 
perimentation  is  need¬ 
ed  before  laser 
angioplasty  is  accepted 
as  a  standard  proce¬ 
dure.  The  reader  is  di¬ 
rected  to  a  good  over¬ 
view  of  laser 
angioplasty  for  more  information.’ 

While  the  technical  success  of  laser 
angioplasty  is  unquestioned,  its  clini¬ 
cal  efficacy  remains  uncertain.  Re¬ 
sults  of  long-term  patency  studies  are 
still  unknown,  as  are  tendencies  to¬ 
wards  such  complications  zr  future 
aneurysm  formation.  Research  at 
other  frequencies  and  with  new  meth¬ 
ods  of  delivering  the  energy  safely  to 
atherosclerotic  plaque  within  intact 
vessels  is  needed. 

Transillumination  of  the  breast 
with  infrared  and  visible  laser  light  is 
also  under  study.  Overlap  in  the 
spectroscopic  patterns  obtained  in 
normal  and  neoplastic  tissues  has 
been  a  roadblock  to  higher  sensitivity 
and  specificity.  The  overlap  is  the 
result  of  scattering  within  the  tissues, 
absorption  by  blood,  and  other  uncon¬ 
trollable  considerations. 

The  addition  of  chromophores 
(chemicals  that  give  rise  to  color  in 
molecules)  to  monoclonal  antibodies 
or  other  compounds  that  concentrate 
in  tumors  is  a  possible  new  way  to 
detect  superficial  tumors.  Hemato- 
porphyrin  derivative  (HDP),  for  ex¬ 
ample,  will  accumulate  in  malignant 


tissues  in  the  airways  and  fluoresce 
when  illuminated  with  certain  fre¬ 
quencies  of  laser  light,  thus  directing 
ablative  iaser  surgical  beams  to  their 
location.  HDP  or  carotenoid  beta- 
carotene  can  accumulate  in  athero¬ 
sclerotic  plaques,  and  may  be  activat¬ 
ed  by  illumination  with  less  intense 
laser  light  ‘This  causes  formation  of 
singlet  oxygen,  which  stimulates  de¬ 
generation  of  the  atherosclerotic 
plaque  or  destruction  of  tumors  over 
longer  periods  of  time. 

Medicine  needs  to  look  toward  such 
devices  as  the  FEL  if  it  is  to  reap  the 
benefits  of  coherent  radiation 
sources.  This  single  laser  can  be  used 
to  explore  innumerable  wavelengths 
and  pulse  formats,  without  the  addi¬ 
tional  cost  of  standard  lasers 

The  FEL  can  operate  at  discrete 
frequencies  and  set  pulse  formats 
until  its  usefulness  has  been  estab¬ 
lished.  One  must  keep  an  open  mind 
about  changes  at  the  leading  edge  of 
high-technology  development,  w  heth- 
er  it  springs  de  novo  from  radiology  or 
from  research  in  space  exploration  or 
defense  technolog>  ■ 

References  on  page  362 
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ABSTRACT 

The  intense  IR  photon  output  of  the  Vanderbilt  FEL  is  to  be  made  to  collide  with  its  own  high 
energy  electron  beam  to  create  nearly  monochromatic  Compton  Backscattered  X-Rays.  At 
Vanderbilt,  a  sub-project  of  FEL  generated  X-Rays  is  under  development  parallel  to  the 
construction  and  initial  operation  of  the  FEL  main  project.  The  electron  beamline  and  IR  photon 
beamline  designs  are  near  completion,  including  design  of  electron  beamline  magnets  and  their 
layout,  design  of  IR  optical  beamline  elements  and  their  layout,  electron  and  IR  optical  beam 
diagnostics  and  alignment  methods. 
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DEVELOPMENT  OF  THE  VANDERBILT 
COMPTON  X-RAY  FACILITY 

INTRODUCTION 

When  a  photon  collides  with  a  free  electron,  its  energy  and  direction  change  to  conserve  energy 
and  momentum.  This  is  called  the  Compton  Effect.  When  the  electron  is  relativistic,  that  is  y  = 

E/mc-  »  1  (  where  E  is  the  total  energy  of  the  electron,  m  the  rest  mass,  and  c  the  speed  of  light ), 
and  the  photon  has  a  low  energy,  that  is  »  Xc  =  h  /  me  =  2.42  x  10' m  (  where  Xc  is  the 
Compton  wavelength,  h  the  Planck's  constant,  Xl  the  wavelength  of  the  incident  photon  ),  then 
the  wavelength  of  the  scattered  photon  is  given  by  the  formula 

XS  =  XL(  1 +Y2  02)/4y2  (1) 

where  9  is  the  angle  through  which  the  electron  is  scattered.  For  an  infrared  photon  with  a  2  pm 
wavelength  scattered  in  the  backward  direction  (  0  =  180  )  off  a  43  MeV  electron,  the  wavelength 
of  the  scattered  photon  is  0.7  A,  which  corresponds  to  an  X-ray  with  an  energy  of  17.6  keV,  in  the 
X-ray  part  of  the  spectrum.  Since  intense,  monochromatic  light  can  conveniently  be  generated  by 
lasers,  and  an  intense  monochromatic  electron  beam  can  be  generated  by  conventional  accelerators. 
X-rays  produced  by  Compton  scattering  can  be  made  quite  monochromatic  as  compared  with  those 
generated  by  conventional  X-ray  tubes.  Such  narrow-spectrum  X-rays  may  have  important 
advantages  for  medical  imaging.  In  particular,  the  low-energy  photons  from  a  conventional  X-ray 
tube  are  absorbed  close  to  the  skin  surface  in  the  patient  and  contribute  to  the  patient's  X  ray  dose, 
but  not  to  the  X-ray  image.  High  energy  X-rays,  on  the  other  hand,  often  pass  through  the  patient 
undergoing  scattering  which  tends  to  fog  the  film,  and  degrade  the  X-ray  image.  It  is  the 
intermediate  X-rays  which  experience  absorption  in  the  body  due  to  photoelectric  processes,  and 
form  the  X-ray  image.  For  mammography,  the  useful  X-rays  are  those  with  wavelengths  around 
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estimated  that  the  patient  dose  required  to  provide  the  image  quality  of  a  standard  mammogram  can 
be  reduced  by  a  factor  of  about  50. 

In  the  Vanderbilt  Compton  X-ray  facility,  infrared  photons  at  wavelengths  around  2  |im  are 
produced  by  the  Vanderbilt  free-electron  laser,  while  electrons  at  energies  around  43  MeV  are 
provided  by  the  beam  emerging  from  the  free-electron  laser.  These  are  collided  in  a  small 
interaction  region,  about  40  pm  in  diameter,  to  produce  X  ray  photons  of  the  desired  wavelength 
at  the  rate  of  about  10 10  per  second.  The  schematic  of  this  project  is  shown  in  Fig.l.  These  X-rays 
can  be  used  to  explore  the  use  of  such  photons  in  medical  imaging  of  breast  cancer,  and  eventually, 
to  perform  mammography  in  clinical  trials. 

INTERACTION  GEOMETRY 

Since  the  expected  emittance  of  the  electron  beam  is  smaller  than  the  laser  wavelength,  the 
emittance  may  be  ignored  in  optimizing  the  interaction  geometry.  Only  the  electron  pulse  length 
need  be  considered,  so  we  optimize  by  setting  the  Rayleigh  range  ~  1/2  the  electron  pulse  length  ( 

~  1/2  of  the  optical  wavelength  ). 

The  design  electron  energy  of  the  Vanderbilt  FEL  is  43  MeV  and  the  infrared  optical  wavelength 
is  about  2  |im.  Under  these  conditions,  the  X-ray  wavelength  is  0.7  A.  For  an  average  laser  power 
of  6  W  and  an  average  electron  beam  current  of  200  mA,  the  optimized  X  ray  photon  output  is  4.0 
x  1012  per  second  per  steradian;  the  electron  beam  and  the  infrared  beam  are  both  focused  to  the 
same  size,  12  pm  in  radius.  Both  beams  in  the  interaction  zone  are  shown  in  Fig. 2.  For 
experimental  convenience  ,  the  beams  will  be  focused  to  a  larger  spot,  about  20  pm  in  radius.  The 
number  of  output  photons  is  then  2.7  x  10 1  ^  per  second  per  steradian. 

ELECTRON  BEAMLINE  DESIGN 

Since  Compton  X-rays  are  generated  along  the  direction  of  the  the  electron  beamline,  and  the  X- 
ray  laboratory  is  one  floor  above  the  FEL  vault,  we  must  either  bend  the  electron  beam  from  its 
original  horizontal  direction,  into  the  direction  of  the  laboratory  ,  or  generate  X-rays  along  the 
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original  electron  direction,  and  bend  the  X-rays  up  to  the  laboratory.  This  option,  opened  up  by 
recent  technological  developments  in  X-ray  "fiber  optics",  is  discussed  later. 

The  electron  beamline  design  shown  in  Fig.3  is  used  to  deflect  the  electron  beam  up  toward  the 
laboratory,  so  that  the  X-rays  are  produced  in  that  direction.  After  passing  through  the  interaction 
region,  the  electrons  are  directed  back  to  the  original  beamline  and  transported  to  the  beam  dump. 

The  beamline  design  is  complicated  by  the  finite  emittance  and  energy  spread  of  the  electron 
beam.  A  further  complication  of  a  practical  nature  is  introduced  by  the  fact  that  the  electron 
beamline  lies  in  a  plane  tilted  about  47*  from  the  horizontal  plane.  Because  the  electron  beam  has  an 
energy  spread  of  the  order  of  a  few  percent  after  emerging  from  the  wiggler,  the  beam  transport 
system  used  to  focus  the  beam  into  the  interaction  region  must  be  achromatic.  Our  design  is  to 
make  four  identical  bends,  each  consists  of  two  20*  single  bends  with  a  quadrupole  in  between  the 
two  dipoles,  together  they  make  an  "achromatic  bend".  Other  quadrupoles  are  needed  for  focusing 
and  beam-control  purposes.  A  total  of  eight  20*  dipole  bending  magnets  and  fifteen  quadrupoles 
are  needed  for  this  design.  First  and  second  order  TRANSPORT  and  POISSON  calculations  were 
used  in  the  design. 

Because  the  emittance  of  the  electron  beam  is  expected  to  be  smaller  than  the  wavelength  of  the 
laser,  the  emittance  allows  the  electron  beam  to  be  focused  inside  the  interaction  region.  However, 
the  emittance  affects  the  monochromatic  quality  in  the  following  way,  within  the  interaction  cone  of 
each  electron,  the  wavelength  increases  with  the  angle  from  the  electron  direction  according  to  the 
formula  (valid  for  y  » 1  ) 

X  =  Xo  (  1  +y2e2),  (2) 

where  9  is  the  angle  between  the  direction  of  the  radiation  and  the  electron  motion,  Xq  is  the 
photon  wavelength  in  the  forward  direction.  Thus,  if  the  electrons  are  not  moving  parallel  to  each 
other,  the  X-radiation  in  a  given  direction  will  contain  a  spread  of  wavelengths.  A  further  spread  in 
the  X-ray  wavelength  is  caused  by  the  energy  spread  of  the  beam.  To  minimize  this  effect,  it  is 


important  that  the  electron  beamline  not  expand  the  emittance  by  convening  the  electron  energy 
spread  into  emittance  growth. 

AN  ALTERATIVE  ELECTRON  BEAMLINE  DESIGN 
Recently,  a  new  kind  of  X-ray  opdcs,  X-ray  “capillary”,  or  X-ray  "fiber  optics"  is  under 
consideration  [1].  It  uses  multiple  tiny  hollow  glass  tubes.  X-rays  undergo  myriad  glancing 
incidence  total  external  reflections  inside  the  tubes  with  only  limited  loss.  With  these  capillaries  we 
will  be  able  to  first  collimate,  then  bend  the  X-rays  up  to  the  X-ray  laboratory.  The  schematic  of 
this  design  is  shown  in  Fig.4. 

With  capillary  technology,  we  can  avoid  having  to  build  a  complicated  electron  beamline  with 
many  magnets  in  order  to  bend  the  electrons.  This  approach  will  simplify  the  whole  electron 
beamline  design  and  enable  us  to  use  fewer  magnets.  Another  advantage  of  this  design  will  be  to 
avoid  sending  the  electrons  in  the  direction  of  the  X-ray  laboratory  where  people  will  be  working, 
thus  reducing  the  potential  radiation  hazard.  The  disadvantage  of  this  design  is  that  the  capillary 
technology  has  not  yet  been  actually  used  as  a  scientific  research  tool,  making  success  uncertain. 
The  cost  of  a  capillary  tube  bundle  device  and  a  few  magnets  is  estimated  to  be  less  than  the  total 
cost  of  the  magnets  needed  in  the  first  design  . 

OPTICAL  BEAMLINE  DESIGNS 

The  purpose  of  the  infrared  beamline  is  to  transport  the  FEL  infrared  optical  beam  to  the 
interaction  region  and  focus  it  at  the  "interaction  zone"  to  a  diameter  of  about  40  jam.  When  the 
electron  and  laser  beams  are  not  exacdy  collinear,  the  wavelength  shifts  slightly  according  to  the 
formula 


X.  =  Xc  /  cos^  0  (3) 

where  9  is  the  angle  between  the  axes  of  the  electron  and  laser  beams,  Xc  the  wavelength  in  the 
collinear  case.  The  angular  factor  for  the  produced  X-ray  beam  intensity  of  the  crossing  beams  is 
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also  cos-  9.  This  is  a  small  effect  for  small  angles,  and  it  is  therefore  possible  to  use  geometries  in 
which  the  beams  cross  at  a  small  angle.  However,  if  the  angle  becomes  much  larger  than  the 
convergence  angle  of  the  laser  beam,  the  electrons  have  less  time  to  interact  with  the  laser  beam  and 
this  reduces  the  X-ray  intensity.  Therefore,  at  the  region  beyond  the  interaction  zone,  all  three 
beams  have  to  overlap  geometrically.  However,  passing  the  electron  beam  through  any  optics 
transporting  the  infrared  beam  is  not  possible  without  damaging  the  optics.  Also,  the  X-ray  beam 
has  to  be  transported  through  this  system  to  go  into  the  laboratory  upstairs.  These  conditions 
complicate  the  infrared  beamline  design.  Four  approaches  for  solving  these  problems  are  under 
consideration: 

1)  The  first  approach  is  to  transport  the  infrared  beam  collinearly  with  the  electron  beam.  This  is 
shown  in  Fig. 5,  corresponding  to  the  0  =  0  case.  The  mirror  that  reflects  the  infrared  beam  has  a 
hole  at  the  center,  which  is  also  the  center  of  the  beamline,  large  enough  to  let  the  electron  beam 
and  the  accompanying  X-rays  pass  through.  The  advantage  of  this  method  is  that  it  is  simple  and 
inexpensive.  The  disadvantage  is  loss  and  distortion  of  the  infrared  beam  due  to  the  hole  in  the 
middle.  This  causes  a  loss  of  the  most  intense  portion  of  a  Gaussian  infrared  beam.  The  total  loss 
due  to  the  hole  alone  is  estimated  to  be  1%  of  the  beam  intensity,  if  we  use  a  10  mm  radius  mirror 
with  a  1  mm  radius  hole  placed  at  30  cm  from  the  interaction  zone.  Also,  there  will  be  some 
electrons  on  the  edge  of  the  beam  "scraping"  the  mirror  near  the  hole,  which  will  cause  damage  to 
the  mirror. 

One  solution  to  the  intensity  loss  is  to  place  the  hole  off  center  in  a  region  of  lower  intensity. 
However,  this  will  make  the  two  beams  non-collinear,  as  shown  in  Fig. 5,  for  the  0  *  0  case,  and 
reduce  the  interaction  between  the  beams.  The  estimated  loss  due  to  the  angular  factor  and  the 
intensity  loss  is  0.7%  of  the  beam  intensity,  assuming  the  hole  is  mounted  to  the  1/e  intensity  point 
of  the  the  infrared  beam  30  cm  away  from  the  interaction  zone. 

2)  The  second  approach  is  an  alternative  to  the  first  method,  replacing  the  standard  mirror  for 
transporting  the  infrared  beam  with  a  beryllium  mirror.  This  mirror  can  be  placed  further 
downstream  after  the  electron  beam  is  directed  away.  This  is  (  an  alternative  wav  for  the  first 
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method  too  )  shown  in  Fig. 6.  The  difference  is  that  this  Beryllium  mirror  is  almost  transparent  to 
the  X-rays  and  can  be  coated  to  reflect  infrared  photons.  Therefore,  the  use  of  a  Beryllium  mirror 
does  not  introduce  the  distortion  to  the  beam  because  this  avoids  the  need  for  placing  any  hole  on 
the  mirror. 

3)  The  third  approach  is  to  make  the  infrared  beam  and  the  electron  beam  cross  initially  with  a 
small  angle.  This  is  shown  in  Fig. 7.  The  reduced  X  ray  output  due  to  the  angular  factor  is 
estimated  to  be  0.1%.  This  is  the  simplest,  most  effective  and  least  expensive  design  of  all.  It 
avoids  the  serious  electron  damage  problem  of  the  first  approach. 

4)  The  fourth  approach  is  shown  in  Fig. 8.  An  axicon  pair  is  used  to  reshape  the  infrared  beam 
to  a  hollow  one  [2],  The  hole  necessary  for  the  electrons  and  X  ray  photons  to  pass  through  can 
be  adjusted  to  the  desired  size  and  placed  where  the  beam  itself  is  hollow.  The  disadvantage  of  this 
approach  is  the  cost  and  complexity  of  the  axicon  pair. 

ELECTRON  BEAM  DIAGNOSTICS  AT  FOCUS 

To  optimize  the  Compton  X  ray  output,  the  electron  beam  and  the  infrared  optical  beam  must 
be  aligned  collinearly  and  focused  at  a  common  point  of  about  20  pm  radius.  Aligning  the  system 
and  diagnostics  for  both  beams  are  necessary.  The  difficulties  for  the  diagnostics  are: 

First,  at  the  focus,  our  electron  beam  has  the  luminosity  of  4.5  X  10^  W/m^.  This  is  more  than 
enough  to  melt  any  screen  material  in  a  single  macropulse. 

Second,  both  beams  have  a  pulsed  structure.  Thus  not  only  must  both  beams  be  aligned  and 
focused  spatially,  but  also  the  picosecond  micropulses  of  both  beams  must  meet  simultaneously  at 
the  focus. 

Of  these,  the  first  problem  is  the  most  difficult  one  to  deal  with.  The  most  straightforward  and 
most  reliable  method  for  diagnosing  an  electron  beam  with  a  beam  size  as  small  as  tens  of 
micrometers  is  to  have  a  screen  at  the  focusing  point.  To  avoid  melting  diagnostic  screens,  when 
diagnosing,  we  must  reduce  the  electron  beam  intensity.  Beam  intensity  can  be  reduced  by  one  of 
the  oeverai  ways: 


1)  The  first  method  is  to  place  a  slab  with  the  proper  thickness  and  material,  an  "attenuator"  in 
the  electron  beam,  at  the  upstream  end  of  the  interaction  region  so  that  the  multiple  scattering 
processes  reduce  the  number  of  electrons  as  shown  in  Fig. 9.  Electrons  coming  out  of  this 
attenuator  with  the  "wrong”  energy  and  emittace  can  be  filtered  out  with  a  pair  of  "emittance  filters" 
in  each  plane  and  an  "energy  filter".  The  latter  already  exists  for  the  FEL  itself.  The  former  can  be 
inserted  into  the  beamline  without  too  much  difficulty.  Computer  simulation  with  the  program 
EGS4  assures  us  of  the  effectiveness  of  the  method  and  the  requirements  for  the  attenuator 
material. 

An  alternative  method  is  to  place  holes  in  the  slab,  to  form  a  "pepper  pot".  The  holes  allow  the 
desired  portion  of  electrons  to  go  through  the  attenuator  without  being  disturbed.  The  emittance 
filters  and  the  energy  filter  again  filter  out  the  "wrong"  electrons  scattered  by  the  slab.  This  is  also 
shown  in  Fig. 9. 

2)  The  second  method  is  to  scan  the  electron  beam  on  the  diagnostic  screen  at  the  focus  with  an 
RF  cavity  in  the  horizontal  or  vertical  plane.  Instead  of  having  an  "image  spot"  of  the  electron 
beam,  we  get  two  crossed  lines.  The  width  of  the  horizontal  line  represents  the  electron  beam  size 
vertically.  The  width  of  the  vertical  line  represents  the  beam  size  horizontally,  as  shown  in  Fig.  10. 
The  method  is  more  expensive  than  the  attenuator,  even  though  we  can  make  use  of  the  existing 
RF  source. 

3)  The  third  method  can  be  called  the  "non-interactive"  method.  It  works  under  the  same 
principle  that  the  Compton  X-ray  production  works.  The  RF  from  the  same  source  3S  the  FEL, 
which  has  a  frequency  of  2856  MHz,  is  guided  into  the  interaction  zone  where  it  collides  with  the 
electron  beam.  A  light  beam  of  about  3.7  jam  in  wavelength  will  be  generated  as  a  "probe  beam", 
as  shown  in  Fig.l  1.  The  probe  beam  goes  through  the  same  optical  elements  as  the  infrared  beam 
does  so  that  the  alignment  of  the  both  beams  can  be  done  simultaneously  with  the  same  screen. 

CONCLUSION 
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At  Vanderbilt,  tunable,  near  monochromatic  Compton  X-rays  will  be  generated  using  the  FEL 
residual  electrons  and  the  FEL  output  infrared  optical  beam.  The  project  is  near  its  construction 
stage.  A  few  of  the  possible  designs  for  different  parts  of  beamlines  are  reported  here,  including 
the  electron-beam  design,  the  infrared  optical-beam  design,  electron  beam  diagnostics  and  a 
possible  X-ray  optical  design  using  capillary  "fiber  optics". 
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THE  VANDERBILT  UNIVERSITY 
FREE-ELECTRON  LASER  CENTER 

C.  A.  Brau 

Department  of  Physics  and  Astronomy 
Vanderbilt  Uni'.ersity,  Nashville,  TN  37235 

Abstract 

Vanderbilt  University  has  established  a  multidisciplinary  Free-Electron  Laser 
Center  to  exploit  the  opportunities  made  possible  by  the  free-electron  laser  for 
applications  in  medicine,  biology,  materials  science,  and  other  fields  of  research.  The 
free-electron  laser,  which  recently  began  operation,  :s  tunable  over  the  wavelength 
range  from  2  to  10  pm.  The  device  has  demonstrated  400  mJ  per  pulse  at  a  wavelength 
of  4.8  Jim,  in  6-fis  pulses,  and  an  average  power  of  1 1  W  at  a  repetition  rate  of  30  Hz. 
Extensions  to  the  X-ray  and  far-infrared  regions  are  underway.  The  Center,  which  will 
be  used  by  researchers  from  within  the  University  and  from  around  the  world,  has 
already  given  birth  to  a  variety  of  interdisciplinary  collaborations  among  scientists 
brought  together  by  the  unique  opportunities  provided  by  the  Center. 


Please  send  proofs  to  Charles  A.  Brau,  Department  of  Physics,  Box  1807  B,  Vanderbilt 
University,  Nashville,  TN  37027.  Phone:  (615)322-2559.  FAX:  (615)322-7263. 
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1.  THE  FACILITY 

The  Vanderbilt  University  Free-Electron  Laser  Center  is  dedicated  to  exploring 
the  application  of  free-electron  lasers  to  research  in  medical  and  materials  sciences. 

The  free-electron  laser  is  located  in  a  new  laboratory  building  located  on  the  University 
campus  adjacent  to  the  Departments  of  Physics  and  Chemistry,  the  School  of 
Engineering,  and  the  School  of  Medicine.  The  Department  of  Molecular  Biology  is 
close  by.  The  Center  houses  not  only  the  free-electron  laser,  but  a  variety  of 
experimental  laboratories  and  supporting  equipment  as  well. 

A  cross-sectional  view  of  the  facility  is  shown  in  Fig.  1.  As  indicated  there,  the 
free-electron  laser  is  located  in  a  vault  in  the  sub-basement.  The  control  and  diagnostic 
rooms  are  located  on  the  laboratory  level,  as  indicated  in  Fig.  2.  The  control  room 
contains  the  Sun  386i  master  control  computer  as  well  as  the  laboratory  radiation  and 
laser  safety  systems.  The  diagnostic  room  is  used  to  monitor  the  performance  of  the 
free-electron  laser,  including  the  power,  the  pulse  energy,  and  the  spectrum  of  the  laser 
on  a  single  shot. 

The  laboratory  level  provides  approximately  600  of  laboratory  space.  Five 
laser  target  rooms  are  equipped  with  general-purpose  utilities  such  as  conditioned  and 
isolated  power,  deionized  water,  and  computer  interconnections.  An  optical-beam 
transport  system  designed  and  built  by  Optomec  Design  Company  is  used  to  bring  the 
beam  from  the  free-electron  laser  through  the  diagnostic  room  to  the  various 
experimental  laboratories,  as  indicated  in  Fig.  2. 

For  experiments  in  surgery,  the  Center  has  a  complete  medical  suite.  The  two 
ojierating  rooms  are  built  in  accordance  with  American  Association  for  Laboratory 
Animal  Science  guidelines  and  the  facility  has  been  approved  for  animal  surgery.  The 
first  operating  room  has  been  equipped  with  an  operating  table  and  lamp,  a  complete 
range  of  conventional  surgical  instruments,  anesthesia  machine,  I.  V.  pump,  drill, 
electrocautery  unit,  a  bank  of  electrophysiological  instruments  for  assessing  laser 
effects  on  nerve  and  brain,  and  other  conventional  surgical  equipment.  In  addition,  for 
use  with  the  free-electron  laser,  the  operating  room  is  equipped  with  an  articulated  arm, 
which  provides  a  hand-held  optical-beam  delivery  system  to  manipulate  the  free- 
electron  laser  beam  in  surgical  procedures,  and  a  Zeiss  operating  microscope.  The 
second  operating  room  will  be  equipped  later,  based  on  experience  with  the  first 
operating  room.  In  addition  to  the  operating  rooms,  the  medical  suite  includes  a 
computer  work  room  for  computer-image-guided  surgery,  lockers  for  the  surgeons,  and 
an  approved  animal-care  facility  for  the  preparation  and  recovery  of  the  animals  used  in 
surgery. 
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These  laboratory  facilities  are  supplemented  by  a  variety  of  support  laboratories 
in  the  Center  which  have  special-purpose  equipment.  A  wet  lab  and  a  tissue-culture  lab 
are  provided  to  support  experiments  in  biology  and  medicine.  These  laboratories  are 
presently  equipped  with  biological  and  fume  hoods,  incubators,  microscopes, 
chromatographs,  refrigerators,  centrifuges,  and  so  on.  In  addition,  an  electronics  shop 
is  available  for  the  maintainance  and  development  of  experimental  equipment. 

The  Center  also  possesses  a  combination  of  instruments  which  are  directly 
available  to  the  applications  experiments.  Major  items  of  equipment  include  a  Raman 
spectrometer,  doubled- Y  AG -pumped  dye  laser  system,  excimer  laser  system  with 
articulated  arm  and  fiber  delivery  systems,  cw  modelocked  Yag  laser,  argon  laser, 
fluorescence  spectrometer,  and  FTIR  spectrometer.  Other  facilities  and  equipment  are 
available  through  the  Dapartments  and  Schools  of  the  University  which  are 
collaborating  in  the  research  at  the  Center. 

2.  THE  FREE-ELECTRON  LASER 

The  Vanderbilt  free-electron  laser  is  a  model  FEL  I  built  by  Sierra  Laser 
Systems.  This  is  a  small,  infrared  free-electron  laser  similar  to  the  Stanford  University 
Mk.  Ill  free-electron  laser[l].  The  electron  beam  is  produced  by  a  45-MeV  rf 
accelerator  operating  at  a  frequency  of  2.856  GHz.  The  rf  pulses  are  variable  in  length 
up  to  8  ps,  overall,  and  the  electron-beam  pulses  last  up  to  7  ps.  The  nominal  and 
measured  operating  parameters  of  the  laser  are  summarized  in  Table  I. 

The  laser  pulse  length  is  variable  up  to  about  6  ps,  and  the  repetition  rate  is 
variable  up  to  60  Hz.  Each  macropulse  consists  of  a  sequence  of  mode-locked 
micropulses,  each  about  2  ps  in  length,  repeated  at  the  accelerator  frequency  of  2,856 
Ghz.  The  wavelength  is  tunable  from  2  to  10  pm  on  the  fundamental,  and  down  to 
about  1  pm  on  the  third  harmonic.  The  power  is  maximum  around  4  pm,  and  falls  off 
at  longer  and  shorter  wavelengths.  Recent  experiments  have  demonstrated  pulse  energy 
of  400  mJ  in  pulses  lasting  6  ps,  at  a  wavelength  of  4.8  pm.  A  typical  macropulse  is 
shown  in  Fig  3.  Operating  at  a  pulse  repetition  frequency  of  30  Hz,  a  sustained 
average  power  of  1 1  W  has  been  achieved,  making  the  free-electron  laser  the  most 
powerful  in  the  world. 

For  maximum  flexibility,  the  FEL  1  is  computer  controlled  by  a  Sun  386i  master 
computer  and  three  slave  computers.  For  the  convenience  of  the  users,  it  is  possible  to 
control  the  laser  from  remote  computer  terminals  located  in  the  experimental 
laboratories. 
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Although  operation  as  summarized  in  Table  I  is  well  suited  to  a  broad  variety  of 
applications,  as  described  in  Section  4,  other  applications  demand  a  variety  of  other 
wavelengths  and  pulse  lengths.  This  will  require  that  the  free-electron  laser  be 
modified  in  several  ways,  with  a  priority  to  be  established  by  the  demands  of  the 
various  applications.  The  following  upgrades  are  in  progress,  and  others  may  be 
considered  in  the  future: 

Monochromatic  (but  incoherent)  X-rays  are  important  for  a  variety  of 
applications  including  hard-X-ray  medical  imaging  and  therapy  and  soft-X-ray 
microscopy.  These  X-rays  will  be  produced  by  Compton  backscatter  of  free-electron 
laser  photons  off  the  electron  beam.  The  electron  beam  downstream  of  the  wiggler  is 
focused  to  a  20-pm  spot  to  interact  with  the  focused  laser  beam.  The  electron  beam 
may  be  directed  upward  toward  the  laboratory  level,  as  shown  in  Fig.  3,  since  the  X- 
rays  are  produced  in  this  same  direction.  Alternatively,  the  X-rays  themselves  may  be 
directed  toward  the  laboratory  by  means  of  X-ray  hollow-fiber  optics.  The  X-rays  are 
transmitted  to  the  target  room  by  means  of  a  tube  through  the  concrete  radiation 
shielding.  The  X-ray  facility  will  initially  produce  of  the  order  of  10^  photons/s  in  a 
spot  a  few  centimeters  in  radius,  at  wavelengths  from  1  nm  (1  keV)  to  0.06  nm  (20 
keV). 

Far-infrared  wavelengths  are  needed  for  experiments  in  biophysics  and  materials 
physics.  To  address  these  requirements,  it  is  planned  to  develop  a  Cerenkov  free- 
electron  laser  source  able  to  operate  in  the  wavelength  region  from  50  to  200  pm.  A 
Cerenkov  free-electron  laser  operates  by  interacting  the  high-energy  electron  beam  with 
an  electromagnetic  wave  travelling  at  the  same  velocity  as  the  electrons,  slightly  less 
than  the  speed  of  light,  in  a  dielectric  waveguide[2].  The  peak  power  is  predicted  to  be 
of  the  order  of  10  MW  in  the  micropulses.  It  will  be  possible  to  operate  the  Cerenkov 
free-electron  laser  synchronously  with  the  conventional  free-electron  laser  for  pump- 
probe  experiments. 

For  some  experiments,  in  time-resolved  spectroscopy,  for  instance,  it  is  useful  to 
have  shorter  macropulses,  or  even  single  micropulses.  Short  macropulses,  of  the  order 
of  10-ns  duration,  can  be  achieved  by  cavity  dumping  using  a  laser-driven  silicon 
output  coupler  in  the  optical  cavity  of  the  free-electron  laser[3].  When  the 
photoelectric  injector  or  pulse  chopper  is  used,  single  micropulses  can  be  obtained  by 
switching  out  a  single  micropulse  from  the  macropulse  or  by  cavity  dumping. 

Wavelengths  shorter  than  the  nominal  2-pm  limit  of  the  Sierra  Laser  Systems 
FFL  I  are  needed  for  experiments  in  materials  physics,  biophysics,  and  surgery. 
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Wavelengths  down  to  about  1  pm,  in  the  near  infrared,  may  be  obtained  by  lasing  on 
the  third  harmonic  of  the  free-electron  laser[4].  Shorter  wavelengths,  down  to  the 
near  ultraviolet,  may  be  obtained  by  conventional  nonlinear  harmonic  generation 
techniques[5]. 

For  applications  in  materials  physics,  molecular  dynamics,  biophysics, 
and  molecular  biology,  it  is  sometimes  useful  to  have  micropulses  shorter  than  the 
nominal  2  ps  of  the  Sierra  Laser  Systems  FEL  I.  Three  techniques  will  be  developed  to 
provide  pulses  as  short  as  a  few  optical  cycles,  tunable  throughout  the  infrared.  In  the 
first  technique,  the  electron-beam  energy  will  be  chirped  within  the  micropulses  to 
generate  chirp  in  the  laser  micropulses.  This  chirp  may  be  used  in  a  dispersive  delay 
line  (a  grating  pair)  to  compress  the  optical  pulses  to  a  few  cycles[6].  In  the  second 
technique,  the  synchrotron  instabilities  may  be  used  at  long  wavelengths  to  compress 
the  pulses  within  the  free-electron  laser  itself.  Finally,  at  short  wavelengths,  nonlinear 
optical  fibers  may  be  used  to  generate  a  wavelength  chirp  so  the  optical  pulse  may  be 
compressed  in  a  dispersive  delay  line,  as  is  done  with  conventional  lasers. 

3.  APPLICATIONS  RESEARCH  AT  THE  CENTER 

The  Center  currently  supports  a  broad  program  of  research  in  medicine  and 
materials  science.  The  experiments  in  progress  are  characterized  not  only  by  the  close 
relationship  between  experiments  but  also  by  the  degree  of  collaboration  between  the 
scientists  working  on  the  various  projects  at  the  Center.  It  may  be  that  the  most 
important  contribution  of  Centers  such  as  the  one  at  Vanderbilt  will  be  to  bring  together 
investigators  from  different  fields  and  orientations  and  cross  fertilize  projects  with  ideas 
which  w'ould  not  have  been  introduced  in  the  normal  course  of  research.  Projects_ 
underway  at  the  Center  include  the  linear  and  nonlinear  interaction  of  laer  radiation 
with  optical  materials  and  mammalian  tissue,  the  spectroscopy  of  sj)ecies  adsorbed  on 
surfaces,  the  linear  and  nonlinear  spectroscopy  of  DNA  and  RNA,  the  dynamics  of 
proteins  in  cell  membranes,  the  biomodulation  of  wound  healing  by  lasers,  image- 
guided  stereotactic  neurosurgery,  and  the  use  of  monochromatic  X-rays  in  medical 
imaging  and  therapy. 

In  addition  to  supporting  intramural  research,  the  Center  has  been  established  as 
an  international  resource  to  support  a  broad  extramural  research  program.  The 
selection  of  programs  for  the  Center  and  the  allocation  of  the  resources  of  the  Center  to 
these  programs  is  the  responsibility  of  the  Peer  Review  Board  of  the  Center. 
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Applications  to  use  the  Center  should  be  directed  through  the  Director  of  the  Center. 
Proposals  will  be  accepted  in  the  following  categories: 

Medical  research,  including  surgery,  photodynamic  and  radiation  therapy, 
medical  imaging  and  diagnostics,  and  other  medical  therapy  or  diagnostics; 

Biology,  including  biophysics,  biochemistry,  and  molecular  biology; 

Materials  science,  including  optical  materials,  surface  physics  and 
chemistry,  laser-materials  interactions,  condensed-matter  physics,  radiation 
damage,  and  related  science  and  engineering. 

To  be  considered,  a  proposal  must  make  good  use  of  the  Vanderbilt  free-electron 
laser,  and  must  compliment  the  program  underway  or  planned  for  the  Center. 

Although  not  a  requirement,  collaboration  with  other  experimenters  at  the  Center  is 
encouraged  as  this  will  facilitate  the  conduct  of  the  experiments  and  lead  to  cross¬ 
fertilization.  Projects  meeting  these  criteria  will  be  prioritized  by  the  Peer  Review 
Board  based  on  generally  accepted  standards  of  scientific  merit  and  importance.  In 
1992  and  1993,  the  Peer  Review  Board  will  also  be  responsible  for  funding  extramural 
projects  using  the  Vanderbilt  free-electron  laser.  The  procedure  for  applying  for 
funding  under  this  program  is  similar  to  that  described  above. 
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Table  I:  Parameters  of  the  Sierra  Laser  Systems  PEL  I  free-electron  laser. 


Nominal 

Measured 

Accelerator 

Electron  energy 

20-45  MeV 

36-43  MeV 

Micropulse  peak  current 

20-40  A 

Macropulse  average  current 

200  mA 

250  mA 

Energy  spread 

0.5% 

0.5% 

Normalized  emittance 

47txl0jc  mm 

-mrad 

Wiggler 

Wiggler  length 

108  cm 

108  cm 

Wiggler  period 

2.3  cm 

2.3  cm 

Maximum  wiggler  field  (rms) 

0.47  T 

0.44  T 

Laser 

Wavelength 

2-10  pm 

2. 6-5. 6  pm 

Micropulse  duration 

0.5-3  ps 

Micropulse  repetition  rate 

2.9  GHz 

2.9  Ghz 

Macropulse  duration 

0.5-6  ps 

6  ps 

Macropuise  energy 

100  mJ 

400  mJ 

Macropulse  repetition  rate 

0-60  Hz 

1-30  Hz 

Overall  average  power 

0-6  W 

0-11  W 
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Figure  captions: 

Fig.  1.  Cross-sectional  view  of  the  Vanderbilt  University  Free-Electron  Laser  Center. 

Fig.  2.  Plan  view  of  the  vault  level  of  the  Vanderbilt  University  Free-Electron  Laser 
Center. 

Fig.  3.  A  typical  macropulse  from  the  FEL  I  laser. 
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The  Vanderbilt  University  Free-Electron  Laser  Program  is  developing  the  capability  to 
create  near-monochromatic  X-Rays  for  Medical  Imaging  and  other  purposes.  For  this 
experiment  we  feed-back  the  normal  infrared  FEL  light  to  collide  with  the  electron  beam. 
This  causes  Compton  backscattering  of  the  incident  photons  which  create  X-rays.  These 
X-rays  cannot  feed  a  X-ray  laser,  but  they  have  a  collimated  intensity  and  tunability  which 
will  make  them  highly  suitable  for  medical  imaging.  This  paper  is  particularly  focussed  on 
the  X-Ray  beam  transport  to  be  used  with  this  experiment.  This  transport  must  collimate 
the  X-Ray  beam  and  re-direct  it  to  match  a  beam  chase  located  in  the  vault  ceiling  at  a 
40  degree  angle  to  the  electron  beam  axis.  A  brief  description  of  the  creation  mechanism 
and  X-Ray  beam  properties  are  included. 
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ABSTRACT 

The  newly  commissioned  Vanderbilt  Free  Electron  Laser  Center  for  Biomedical  and  Materials 
Research  is  a  multidisciplinary  users  facility  intended  as  an  international  resource.  It  provides 
extremely  intense,  continuously  tunable,  pulsed  radiation  in  the  mid-infrared  (2-10  pm).  Projects 
already  underway  include  the  linear  and  nonlinear  interaction  of  laser  radiation  with  optical 
materials,  semiconductors,  and  mammalian  tissue,  the  spectroscopy  of  species  adsorbed  on 
surfaces,  measurement  of  vibrational  energy  transfer  in  DNA  and  RNA,  the  dynamics  of  proteins 
in  cell  membranes,  the  biomodulation  of  wound  healing  by  lasers,  image-guided  stereotactic 
neurosurgery,  and  the  use  of  monochromatic  X-rays  in  medical  imaging  and  therapy.  The  purpose 
of  this  article  is  to  introduce  the  machine  to  the  user  community  and  to  describe  some  of  the  new 
experimental  opportunities  that  it  makes  possible.  Details  of  several  research  projects  are 
presented. 


1.  CHARACTERISTICS  OF  THE  FREE-ELECTRON  LASER 

The  Vanderbilt  free-electron  laser  (FEL)  is  tunable  over  the  2  to  10  pm  wavelength  range 
with  high  output  power.  At  a  wavelength  of  4.8  pm,  6-ps  pulses  with  energies  of  360  mJ  and  an 
average  power  of  1 1  W  (30  Hz  repetition  rate)  have  been  reliably  demonstrated.  This  is  the  highest 
average  power  achieved  to  date  by  any  tunable  FEL.  Extensions  to  the  X-ray  and  far-infrared 
regions  are  underway.  The  Vanderbilt  machine  is  a  Sierra  Laser  Systems  model  FEL  I,  similar  to 
the  Stanford  University  Mk.  III.1  The  electron  beam  is  produced  by  a  45-MeV  rf  accelerator 
operating  at  a  frequency  of  2.856  GHz.  The  laser  pulse  length  is  variable  up  to  6  ps  with  a 
repetition  rate  of  up  to  60  Hz.  Each  macropulse  consists  of  a  sequence  of  mode-locked 
micropulses  2  ps  in  length  and  repeated  at  the  accelerator  frequency.  The  wavelength  is  tunable 
from  2  to  10  pm  on  the  fundamental,  and  down  to  about  1  pr.  on  the  third  harmonic. 

The  power  is  maximum  around  4  pm  falling  off  at  longer  and  shorter  wavelengths.  Pulse 
power  and  energy  measurements  are  conducted  with  Molectron  pyroelectric  power  detectors; 
wavelength  calibration  is  done  with  a  MacPherson  0.3-m  monochromator  fitted  with  a  Spiricon 
one-dimensional  pyroelecu  ic  array,  allowing  the  spectrum  of  a  single  pulse  to  be  analyzed.  Since 
the  FEL  is  computer  controlled,  it  is  possible  for  users  to  control  the  laser  from  remote  computer 
terminals  located  in  the  experimental  laboratories.  'Hie  nominal  and  measured  operating  parameters 
of  the  laser  are  summarized  in  Table  I. 


*  Permanent  address  of  Professor  Giorgio  Margaritondo:  Ecole  Polytechnique  Federale  de 
Lausanne,  Institute  de  physique  appliquee,  Departement  de  Physique,  PHB-Ecublens,  CH-1015 
Lausanne,  Switzerland. 
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Since  scientists  at  Vanderbilt  are  fundamentally  a  community  of  machine  users  rather  than 
machine  builders,  demands  on  the  FEL  are  somewhat  different  from  those  laboratories  which  are 
specifically  concerned  with  FEL  technology  development.  In  particular,  the  Vanderbilt  FEL  needs 
to  be  highly  versatile  with  regards  to  a  variety  of  optical  output  parameters.  In  the  future  the 
operating  capabilities  of  the  FEL  will  be  extended  to  the  far-infrared  and  X-ray  regions  and  a 
flexible  pulse  structure  (macropulse  length  and  interpulse  spacing  for  both  macro-  and  micro¬ 
pulses)  will  be  developed.  Some  of  these  future  upgrades  are  described  below. 

Monochromatic  (but  incoherent)  X-rays  are  important  for  a  variety  of  applications  including 
hard-X-ray  medical  imaging  and  therapy  and  soft-X-ray  microscopy.  There  is  also  interest  in 
studying  the  interaction  of  tunable  X-rays  with  model  insulator  materials  in  support  of  the  effort  to 
develop  this  technique  for  in-vivo  tissue  analysis.  In  particular,  the  selectivity  mechanisms 
associated  with  the  creation  of  inner  shell  vacancies  will  be  studied  by  tracing  the  various  reaction 
channels  of  the  ionizing  Auger  and  radiative  decay  schemes.  The  X-rays  will  be  produced  by 
Compton  backscatter  of  free-electron  laser  photons  off  the  electron  beam.  The  electron  beam 
downstream  of  the  wiggler  is  focused  to  a  20-pm  spot  to  interact  with  the  focused  laser  beam.  The 
electron  beam  may  be  directed  upward  toward  the  laboratory  level,  so  that  the  X-rays  are  produced 
in  this  same  direction,  or  the  X-rays  themselves  may  be  directed  toward  the  laboratory  by  means  of 
X-ray  hollow-fiber  optics.  The  X-rays  are  transmitted  to  the  target  room  by  means  of  a  tube 
through  the  concrete  radiation  shielding.  The  X-ray  facility  will  initially  produce  of  the  order  of 
lri10  photons, 's  in  a  spot  a  few  centimeters  in  radius,  at  wavelengths  from  1  nm  (1  keV)  to  0.06  nm 
(20  keV). 

Far-infrared  wavelengths  are  needed  for  experiments  in  biophysics  and  materials  physics. 
To  address  these  requirements,  it  is  planned  to  develop  a  Cerenkov  free-electron  laser  source  able 
to  operate  in  the  wavelength  region  from  50  to  200  pm.  A  Cerenkov  free-electron  laser  operates 
by  interacting  the  high-energy  electron  beam  with  an  electromagnetic  wave  travelling  at  the  same 
velocity  as  the  electrons,  slightly  less  than  the  speed  of  light,  in  a  dielectric  waveguide.2  The  peak 
power  is  predicted  to  be  of  the  order  of  10  MW  in  the  micropulses.  It  will  be  possible  to  operate 
the  Cerenkov  free-electron  laser  synchronously  with  the  conventional  free-electron  laser  for  pump- 
probe  experiments. 

For  some  experiments,  in  time-resolved  spectroscopy,  for  instance,  it  is  useful  to  have 
shorter  macropulses,  or  even  single  micropulses.  Short  macropulses,  of  the  order  of  10-ns 
duration,  can  be  achieved  by  cavity  dumping  using  a  laser-driven  silicon  output  coupler  in  the 
optical  cavity  of  the  free-electron  laser.3  When  the  photoelectric  injector  or  pulse  chopper  is  used, 
single  micropulses  can  be  obtained  by  switching  out  a  single  micropulse  from  the  macropulse  or  by 
cn\  ity  dumping. 

Wavelengths  shorter  than  the  nominal  2-p.m  limit  of  the  Sierra  Laser  Systems  FEL  1  are 
needed  for  experiments  in  materials  physics,  biophysics,  and  surgery.  Wavelengths  down  to 
about  1pm,  in  the  near  infrared,  may  be  obtained  by  lasing  on  the  third  harmonic  of  the  free- 
electron  laser.4  Shorter  wavelengths,  down  to  the  near  ultraviolet,  may  be  obtained  by 
conventional  nonlinear  harmonic  generation  techniques.5 

For  applications  in  material  physics,  biopolymer  dynamics,  and  molecular  biology,  it  is 
sometimes  useful  to  have  micropulses  shorter  than  the  nominal  2  ps  of  the  Sierra  Laser  Systems 
FEL  I.  Three  techniques  will  be  developed  to  provide  pulses  as  short  as  a  few  optical  cycles, 
tunable  throughout  the  infrared.  In  the  first  technique,  the  electron-beam  energy  will  be  chirped 
within  the  micropulses  to  generate  chirp  in  the  laser  micropulses.  This  chirp  may  be  used  in  a 
dispersive  delay  line  (a  grating  pair)  to  compress  the  optical  pulses  to  a  few  cycles.6  In  tire  second 
technique,  the  synchrotron  instabilities  may  be  used  at  long  wavelengths  to  compress  the  pulses 
within  the  FEL  itself.  Finally,  at  short  wavelengths,  nonlinear  optical  fibers  may  be  used  to 
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generate  a  wavelength  chirp  so  the  optical  pulse  may  be  compressed  in  a  dispersive  delay  line,  as  is 
done  with  conventional  lasers. 


2.  SUPPORTING  FACILITIES 

The  Center  maintains  additional  core  equipment  and  facilities  intended  to  support  the  research 
of  both  University  researchers  and  those  coming  from  outside  of  Vanderbilt.  These  include  target 
rooms  and  accommodations  for  both  materials  and  biomedical  research  programs.  The  current 
projects  emphasize  spectroscopic  and  laser  pump-probe  techniques  for  both  fundamental  and 
applied  studies  of  nonthermal  energy  absorption,  localization,  and  dissipation.  For  this  reason 
additional  apparatus  will  be  available  for  two-beam  experiments,  including  an  ultraviolet 
fluorometer,  a  nanosecond-picosecond  Nd:YAG-pumped  tunable  dye  laser  with  frequency 
doubler,  pulsed  excimer  and  CO2  lasers,  and  VUV  and  microwave  spectrometers.  Other  major 
equipment  items  include  a  Raman  spectrometer,  mode-locked  YAG  laser,  an  argon  laser,  and  an 
FTIR  spectrometer. 

The  facility  has  five  target  rooms  and  two  animal  operating  rooms,  one  of  which  is 
completely  equipped  for  surgery.  The  surgical  room  has  an  articulated  arm  which  allows  for  a 
hand  held  optical-beam  delivery  system  as  well  as  a  Zeiss  operating  microscope.  Also  provided 
are  an  electronics  shop,  as  well  as  a  wet  lab  and  tissue-culture  lab  equipped  with  biological  and 
fume  hoods,  incubators,  microscopes,  chromatographs,  refrigerators,  centrifuges,  and  so  on. 
Five  laser  target  rooms  are  equipped  with  general-purpose  utilities  such  as  conditioned  and  isolated 
power,  deionized  water,  and  computer  interconnections. 

3.  ONGOING  RESEARCH  AT  THE  CENTER 

The  Center's  users  are  expected  to  be  a  very  diverse  group.  The  Center  grant  funds  several 
interdisciplinary  projects  involving  the  Departments  of  Physics  and  Astronomy,  Molecular 
Biology,  Otolaryngology,  Pathology  and  Neurosurgery.  The  projects  involve  picosecond 
spectroscopy  of  biopolymers,  FEL-based  studies  of  biomembrane  dynamics  and  drug  Interactions, 
non-thermal  and  selective  effects  of  FEL  irradiation  of  tissue,  and  FEL  applications  in 
neurosurgery.  The  projects  have  a  common  goal  of  understanding  and  applying  nonthermal 
mechanisms  of  radiation  interacting  with  matter.  To  further  assist  the  interdisciplinary  nature  of  the 
Center,  it  has  been  constructed  within  a  hundred  feet  of  medical,  physics,  chemistry,  and 
engineering  facilities.  In  the  following  subsections,  a  brief  description  of  several  of  the  research 
projects  will  be  presented.  As  the  Center  is  meant  to  be  an  international  resource,  inquiries  from 
scientists  outside  of  Vanderbilt  University  are  encouraged  and  should  be  sent  to  the  Director  of  the 
Center. 

3.1.  Vibrational  relaxation  dynamics  in  materials  and  biopolymers 

The  frequency  range  of  the  Vanderbilt  FEL  corresponds  to  vibrational  modes  in  both 
biopolymers  and  more  conventional  materials.  The  relaxation  processes  governing  these 
vibrational  modes  have  been  investigated  in  the  past  by  choosing  materials  such  that  the  vibrational 
frequencies,  at  a  given  temperature,  are  coincident  with  the  emission  lines  of  conventional  lasers7 
In  the  past,  this  requirement  has  hindered  experimental  progress.8  The  continuously  tunable  FEL 
removes  this  requirement,  granting  the  experimentalist  new  freedom  in  choosing  systems  for 
investigation. 

Using  the  Vanderbilt  FEL,  we  plan  to  investigate  both  intermolecular  and  intramolecular 
energy  transfer  processes  of  vibrationally  excited  molecules.  Small  molecules  can  be  introduced  as 
defects  in  alkali  halide  hosts,  larger  molecular  defects  can  be  introduced  in  rare  gas  matrices,  and 
biopolymers  can  be  isolated  in  water/glycerol  glasses  and  in  dehydrated  films.  The  Vanderbilt  FEL 


SPI£  Vol  1552  Short  Wavelength  Radiation  Sources  (1 991 !  /  9 


will  be  used  to  vibrationally  excite  the  molecule  of  interest  to  a  nonequilibrium  energy  distribution. 
Intramolecular  relaxation  to  other  internal  modes  of  the  molecule  and  intermolecular  relaxation  to 
phonon  modes  of  the  surrounding  material  will  be  monitored  using  conventional  spectroscopic 
techniques  such  as  Fourier  transform  infrared  and  laser-Raman  spectroscopies. 

With  regards  to  materials  science,  these  studies  will  improve  our  understanding  of  defects  in 
insulators  and  semiconductor  compounds  with  the  aim  of  extending  the  lifetimes  of  semiconductor 
devices.  With  regards  to  biopolymer  physics,  these  studies  address  the  role  of  vibrational  modes 
in  the  energetics  of  nucleic  acid-protein  interactions.  With  regards  to  clinical  applications,  a 
number  of  groups,  including  the  Vanderbilt  FEL  group,  are  developing  laser  protocols  that  target 
radiation  to  selected  degrees  of  freedom  in  biologic  tissue9:  progress  in  this  clinical  research 
requires  experimental  determination  of  mode  lifetimes  and  relaxation  rates. 

3.2.  Selective  resonant  bond-breaking 

Recent  evidence10-11  has  shown  that  it  is  possible  to  selectively  break  specific  chemical 
bonds  within  a  molecule  by  choosing  the  correct  photon  energy.  This  has  obvious  application  in 
chemical  engineering  for  the  production  of  novel  molecules.  The  technique  could  also  result  in  a 
gigantic  step  forward  in  the  medical  use  of  lasers.  When  conventional  fixed-energy  lasers  are  used 
to  cut,  bum,  or  ablate,  tissue,  the  laser  is  simply  being  used  as  a  convenient  tool  for  delivering 
power  in  the  form  of  thermal  energy.  Selective  resonant  bond-breaking  would  allow  selective 
modifications  on  the  molecular  level  resulting  in  selective  dysfunction  without  undesirable  side 
effects  on  the  cellular  and  tissue  levels. 

Previous  photon  selectivity  experiments  have  been  conducted  using  conventional  lasers  and 
tunable  synchrotron  radiation  (in  the  vacuum  ultraviolet  regime).  The  Vanderbilt  FEL  will  extend 
the  energy  range  of  the  experiments  into  the  mid-  to  near  -infrared,  visible,  and  ultraviolet  regimes. 
The  research  will  initially  focus  on  the  fundamental  dynamics  of  photon-matter  interactions  for  a 
variety  of  model  insulator  and  metal  oxide  materials,  and  later  with  large  organic  molecules  such  as 
DNA.  The  emphasis  will  be  on  the  ways  in  which  the  energy  deposited  by  the  incident  photons 
leads  to  selective,  resonant  bond-breaking  on  surfaces  and  in  the  near-surface  layers  of  bulk 
material.  The  photon-induced  bond-breaking  and  chemical  alterations  will  be  measured  by 
monitoring  desorption  products,  fluorescence,  and  by  using  chemical  assays.  Already,  the  first 
resonant  photon-energy  dependent  and  temperature-dependent  yields  of  desorbed  neutral  hydrogen 
atoms  from  a  surface  have  been  measured.11  In  these  experiments,  incident  photons  are  observed 
to  resonantly  and  selectively  stimulate  desorption  by  a  direct,  Franck-Condon  excitation  in  the 
surface  alkali  hydride  to  a  neutral,  antibonding  state.  Eventually,  the  measurements  will  also  be 
extended  to  layered  and  bulk  systems. 

3.3.  Intensity-dependent  laser-induced  emission 

The  Vanderbilt  FEL  will  be  used  to  extend  preliminary  research,12  conducted  at  the  Free 
University  in  Berlin,  on  laser-stimulated  emission  of  electrons,  photons,  ions,  and  neutrals  from 
insulators,  metal-oxides,  and  complex  organic  molecules  around  the  intensity-dependent  plasma 
breakdown  threshold.  Time-of-flight  and  mass-spectrographic  techniques  will  be  used.  In 
particular,  laser-induced  desorption  from  large-band-gap  materials  is  a  subject  of  considerable 
current  interest.  The  scientific  issv  s  in  this  area  involve  questions  of  temporal  and  spatial 
localization,  energy  channeling,  the  role  of  surface  and  bulk  defects,13  and  ultimately  the 
dete-mination  of  the  actual  electronic  mechanism  of  single-  and  multiple-photon-induced 
desorption.  The  initial  experiments  have  shown  that  with  increasing  intensity,  there  is  a  smooth 
transition  from  individual  particle  desorption  to  massive  emission.  By  using  the  FEL,  the  previous 
experiments  can  be  extended  because  of  the  availability  of  variable  wavelength  and  pulse  structure, 
as  well  as  two-color  pump-probe  techniques. 
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3.4.  Surface  photovoltage  effects 


The  discover)'  that  many  photoemission  data  on  the  temperature  dependence  of  the  Schottky 
banner  formation  have  been  critically  affected  by  surface  photovoltage  effects14  has  created  a  burst 
of  interest  in  the  subject.  Surface  photovoltage  appears  when  the  photoinjected  density  of  states 
becomes  sufficiently  large.  Thus,  the  intense  radiation  that  can  be  provided  by  the  Vanderbilt  FEL 
will  be  of  crucial  importance  to  the  experiment.  The  FEL-induced  surface  photovoltage  will  be 
measured  by  looking  at  the  energy  shifts  of  photoelectrons  (frequency  multiplication  and  higher- 
harmonic  operation  allow  the  FEL  to  be  used  for  photoemission).  The  results  will  be  correlated  to 
conventional  Kelvin-probe  studies  induced  by  a  non-FEL  source.  The  parallel  use  of  these  two 
approaches  is  dictated  by  prudence,  since  the  complexity  of  the  phenomenon  can  produce 
misleading  results  with  a  single  approach.  The  experiments  will  also  take  advantage  of  the  FEL’s 
pulsed  time-structure.  A  calibrated  retardation  between  the  primary  pulse  and  the  (weak)  high- 
energy  pulse  used  to  extract  the  photoelectrons  will  enable  us  to  follow  the  time  dependence  of  the 
effect. 

3.5.  Resonant  two-beam  photoemission 

The  Vanderbilt  FEL  will  also  be  used  in  cutting-edge  experiments  on  the  electronic  structure 
of  semiconductor  surfaces,  metal-semiconductor  interfaces,  and  semiconductor  heterojunction 
interfaces.  The  normally  unoccupied  states  near  the  conduction  band  minimum  are  of  critical 
importance  for  technological  applications.  These  states,  however,  cannot  be  studied  by  ordinary' 
photoemission.  Inverse  photoemission  can  be  applied,  but  its  energy  resolution  is  much  worse. 

Recently,  a  two-photon  beam  technique  has  been  developed  which,  in  essence,  extends  the 
range  of  applicability  of  photoemission  experiments.15’16  It  is  possible  to  tune  the  intense 
radiation  from  the  Vanderbilt  FEL  to  induce  cJectron  transitions  from  the  valence  band  into  a 
normally  unoccupied  state  in  the  semiconductor  gap  or  near  the  conduction  band  minimum.  A 
second  high  energy  pulse  then  induces  photoemission  from  the  normally  unoccupied  state. 
Because  the  electrons  rapidly  decay  back  into  the  valence  band,  the  high  energy  pulse  must  be 
temporally  correlated  with  the  optical  pumping  pulse.  The  FEL  can  produce  such  a  temporally 
correlated  high  energy  pulse  using  frequency  multiplication.  Thus,  by  scanning  the  optical 
pumping  energy,  photoemission  techniques  can  be  extended  to  the  normally  unoccupied  states  in 
the  band  gap  and  near  the  conduction  band  minimum.  One  difficulty  is  that  correlation  effects 
become  more  complex  (two  holes  are  created  rather  than  the  single  e-h  pair  created  in  conventional 
photoemission).  Thus,  it  is  admitted  that  new  theoretical  ground  will  have  to  be  broken  in  order  to 
fully  interpret  the  results  of  the  experiments.  This,  however,  is  also  part  of  the  intrigue  of  the 
technique. 
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Table  I:  Parameters  of  the  Vanderbilt  Free  Electron  Laser 


Nominal 

Measured 

Accelerator 

Electron  energy 

20-45  MeV 

36-43  MeV 

Micropulse  peak  current 

20-40  A 

Macropulse  average  current 

200  mA 

250  mA 

Energy  spread 

0.5% 

0.5% 

Normalized  emittance 

4nxl07t  mm-mrad 

Wiggler 

Wiggler  length 

108  cm 

108  cm 

Wiggler  period 

2.3  cm 

2.3  cm 

Maximum  wiggler  field  (rms) 

0.47  T 

0.44  T 

Laser 

Wavelength 

2-10  pm 

2.7-4.9  pm 

Micropulse  duration 

0.5-3  ps 

Micropulse  repetition  rate 

2.9  GHz 

2.9  Ghz 

Macropulse  duration 

0.5-6  ps 

6  ps 

Macropulse  energy 

100  mJ 

360  mJ 

Macropulse  repetition  rate 

0-60  Hz 

1-30  Hz 

Overall  average  power 

0-6  W 

0-11  W 
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1.  Introduction 

In  February  of  19S7  Vanderbilt  L’mversity  was 
awarded  a  contract  front  the  Office  of  Naval  Research 
to  establish  an  FEL  Center  for  biomedical  and  materi¬ 
al.-.  research.  The  Center  facilitates  research  in  FEL 
applications  and  continues  the  longstanding  tradition  of 
interdisciplinary  science  at  Vanderbilt.  The  project  team 
includes  faculty  from  the  College  of  Arts  and  Sciences, 
the  School  of  Medicine,  and  the  School  of  Engineering 
unified  h\  an  underlying  scientific  theme  of  the  role  of 
nonthermal  processes  in  physical  and  biological  materi¬ 
als.  The  Center  will  be  centrally  located  as  the  Univer¬ 
sity  is  constructing  a  building  to  house  the  FEL  within  a 
hundred  feet  of  medical,  physics,  chemistry,  and  en¬ 
gineering  facilities. 

The  Center  grant  provides  funds  for  the  free  electron 
laser,  for  additional  equipment,  and  to  seed  five  re¬ 
search  projects  based  on  the  unique  spectral  properties 
of  the  FEL.  In  the  following  we  will  present  the  operat¬ 
ing  parameters  for  the  Vanderbilt  FEL.  describe  the 
Center  in  greater  detail,  and  outline  the  research  pro¬ 
jects.  Applications  as  represented  in  several  of  the  re¬ 
search  projects  will  be  presented:  however,  due  to  the 
brief  nature  of  this  article  the  interested  reader  is  di¬ 
rected  to  additional  accounts  for  a  more  complete  de¬ 
scription  [1  -31. 

2.  Vanderbilt  FF.I. 

The  scientists  at  Vanderbilt  are  fundamentally  a 
community  of  machine  users  rather  than  machine 
builders  As  such  our  demands  on  the  FEL  are  some¬ 
what  different  from  those  laboratories  which  are  specifi¬ 
cally  concerned  with  FEL  technology  development.  In 
particular,  the  Vanderbilt  FEL  needs  to  be  highly 
versatile  with  regards  to  optical  output.  The  scientific 
program  proposed  by  Vanderbilt  to  the  ONR  requires 
an  FEL  with  a  combination  of  ultrashort  micropulses, 
high  average  and  high  peak  powers,  and  lunability  from 
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Table  1 

Design  parameters  of  the  V  anderbilt  FEL 


Wavelength 

If*  n>] 

1  echnique 

Knerg>  per  puke 
for  60  Hz 
operation  [mJ) 

0.25-  0  50 

Harmonic  generation 

Unknown 

0.50-  1.00 

Harmonic  generation 

75 

1.0  -  2.0 

Harmonic  generation 

300 

2.0  -  4.0 

Direct  FEL-1  light 

550 

4  -  H) 

Direct  FEL-1  light 

300 

the  ultraviolet  to  the  mid-infrared  region  of  the  spec¬ 
trum.  In  the  future  the  operating  capabilities  of  the  FEL 
will  be  extended  to  the  far-infrared  and  vacuum  ultra¬ 
violet  and  a  flexible  pulse  structure  (macropulse  length 
and  interpulse  spacing  for  both  macro-  and  micro- 
pulses)  will  be  developed. 

The  Vanderbilt  FEL  is  scheduled  to  operate  prior  to 
February  1.  1990.  The  design  parameters  for  optical 
output  are  presented  in  table  1. 

3.  The  Center 

The  FEL  represents  a  major  research  initiative  of  the 
College  of  Arts  and  Sciences,  the  School  of  Medicine, 
and  the  School  of  Engineering.  In  addition  to  the  origi¬ 
nal  project  team,  the  V  anderbilt  FEL  community  stead¬ 
ily  grows  as  further  applications  are  developed  by  the 
faculty.  Furthermore,  it  is  fully  anticipated  that  as  the 
facility  develops  it  will  serve  as  a  regional,  national,  and 
even  international  resource  for  biomedical  and  materials 
research  and  there  will  be  non-Vanderbilt  users  whose 
research  programs  will  be  carried  out  at  the  Center. 

The  design  parameters  for  the  FEL  have  been  ad¬ 
dressed  in  the  previous  section.  As  a  users  facility, 
however,  the  Vanderbilt  Center  must  support  more  than 
just  the  FEL  instrument  and  thus  maintains  additional 
core  equipment,  target  rooms,  and  accommodations  for 
both  materials  and  biomedical  research  programs.  The 
current  projects  emphasize  spectroscopic  and  laser 
pump-probe  techniques  for  both  fundamental  and  ap¬ 
plied  studies  of  nonthermal  energy  absorption,  localiza- 
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lion,  and  dissipation.  I  or  this  reason  additional  ap¬ 
paratus  will  he  available  for  two-beam  experiments 
This  core  equipment  includes  an  ultraviolet  fluorometer. 
a  nanosecond  -  picosecond  Nd  :  Y  A(  j-pumped  tunable 
dye  laser  with  frequency  doubler,  a  pulsed  excimer  and 
CO-  lasers,  and  VI.' V  and  microwax e  spectrometers. 

The  facility  has  six  target  rooms,  one  of  which  will 
be  completely  equipped  for  surgery.  Space  is  provided 
for  a  tissue  culture  laboratory,  a  laboratory  for  molecu¬ 
lar  biology,  a  machine  shop,  an  electronics  shop,  and  a 
sample  preparation  area  for  materials  science.  In  ad¬ 
dition.  there  is  a  suite  of  rooms  for  surgical  support  and 
control  rooms  for  the  Ti  l.  T  he  FIT.  instrument  will  be 
located  one  level  below  in  a  shielded  vault 

4.  Applications 

The  Center  grant  funds  five  interdisciplinary  projects 
involving  faculty  from  the  Departments  of  Physics  and 
Astronomy.  Molecular  Biology.  Mechanical  and 
Materials  F.ngineering.  Otolary ngologv.  Pathologv.  and 
Neurosurgery.  The  projects  are  entitled  Mechanisms  of 
Photon-Induced  Damage  in  Optical  Materials.  Picosec¬ 
ond  Spectroscopy  of  Biopolymers.  FTL  Based  Studies 
of  Biomembrane  Dynamics  and  Drug  Interactions. 
Non-thermal  and  Selective  Effects  of  FEL  Irradiation 
of  Tissue,  and  FEL  Applications  in  Neurosurgery.  The 
projects  have  a  common  goal  of  understanding  and 
applying  nonthermal  mechanisms  of  radiation  inter¬ 
acting  with  matter.  To  this  end  research  will  be  con¬ 
ducted  using  existing  sources,  including  FELs  at  other 
sites,  until  the  Vanderbilt  FEL  is  operational. 

This  concludes  the  general  description  of  the 
Vanderbilt  FEL  program.  At  this  point  the  discussion 
turns  to  a  more  detailed  presentation  emphasizing  a 
biomedical  application. 

5.  Selective  interaction  of  radiation  with  tissue 

There  are  several  projects  in  the  FEL  program  that 
share  a  common  theme  of  understanding  and  effecting 
nonthermal  and  selective  interaction  of  radiation  with 
biopolymers  and  tissue.  The  projects  represent  research 
in  three  different  areas  of  science:  the  clinical,  bus- 
chemical.  and  biophysical  areas  or  levels.  This  approach 
has  the  advantage  that  progress  at  any  one  level  will 
provide  the  clues  to  further  the  other  two  levels  of 
research. 

For  comparison  purposes  consider  the  vaporization 
of  tissue  caused  by  laser  irradiation.  It  is  known  that 
tissue  exposed  to  different  irradiation  paradigms  can 
respond  in  markedly  different  ways.  For  some  para¬ 
digms  there  is  vaporization  of  exposed  tissue  and  ad¬ 
ditional  thermal  damage  to  tissue  lateral  to  the  exposed 


legion.  Li  other  exposure  paradigms  the  tissue  is 
"etched''  In  laser  irradiation  of  specific  pulse  structure, 
(requeues,  and  intensiiv.  The  later  is  an  example  of 
spatial  selectivitv  and  is  clearlv  of  clinical  use  In  ad¬ 
dition.  detei mining  the  underiving  mechanism  is  phvsi- 
callv  interesting  and  these  phenomena  are  being  in¬ 
vestigated  at  Vanderbilt.  However,  such  a  xtudv  is  not 
unique  to  Vanderbilt  and  will  not  be  discussed  further 
in  this  presentation.  The  program  to  be  discussed  in¬ 
volves  another  tvpe  of  selectivitv. 

As  a  second  point  for  comparison  consider  the  label¬ 
ling  of  tissue  with  chromophores  that,  for  example, 
specifically  bind  to  membrane  receptors.  Such  chromo- 
pliores  can  act  as  electromagnetic  targets  Thus  energv 
can  be  coupled  to  a  limited  number  of  the  degrees  of 
freedom  of  the  system  and  selectively  disrupt  tissue. 
This  second  example  is  more  relevant  to  the  Vanderbilt 
project.  The  distinction  is  that  instead  of  attaching 
chromophores  onto  or  inserting  chromophores  into  cells 
we  will  take  advantage  of  natural  “chromophores"  that 
are  indicative  of  diseased  tissue. 

The  general  approach  is  described  ill  the  following 
Diseased  tissue  will  be  identified  in  the  clinic  and 
presented  to  biologists  for  analysis.  This  analysis  will 
identify  unique  characteristics,  such  as  excessive  chem¬ 
ical  or  biopolymer  content,  of  the  diseased  tissue  rela¬ 
tive  to  the  surrounding  healthy  tissue.  These  characteris¬ 
tics  represent  possible  avenues  for  depositing  radiation 
into  diseased  tissue  with  relatively  little  absorption  by 
healthy  tissue.  Biophysical  consideration  will  associate 
mechanisms  for  coupling  radiation  through  these  selec¬ 
tive  avenues  and  suggests  exposure  paradigms  that  target 
radiation  into  selected  tissue.  The  protocols  will  be 
investigated  at  the  biological  and  clinical  levels  and 
successive  refinement  will  result  from  the  interplay  of 
research  in  the  three  levels. 

At  this  point  the  three  levels  of  research  will  be 
addressed  with  added  emphasis  on  the  biophysical  level. 
As  examples  of  the  interplay  of  the  three  levels  consider 
first  precancerous  tissue  and  then  scar  tissue.  Precancer- 
ous  tissue  can  present  an  excessive  amount  of  calcium 
relative  to  healths  tissue  and  scar  tissue  contains  a  large 
amount  of  collagen.  Spectroscopic  studies  have  demon¬ 
strated  that  clusters  of  calcium  strongly  absorb  infrared 
radiation  and  the  biopolymer  collagen  has  many  eigen- 
modes  in  the  spectral  region  extending  from  the  far-in¬ 
frared  through  the  visible.  These  resonant  mechanisms 
present  avenues  for  the  deposition  of  energy  into  dis¬ 
eased  tissue  and  are  currently  under  investigation.  How¬ 
ever.  tissue  is  characterized  by  significant  water  content 
resulting  in  nonselective  background  absorption,  this 
complication  is  the  next  subject  of  discussion. 

It  is  clear  that  there  are  thermal  and  nonthermal 
mechanisms  that  result  in  the  absorption  of  energv  bv 
tissue  In  order  to  achieve  selective  disruption  of  dis¬ 
eased  tissue  the  nonthermal  mechanisms  need  to  be 
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optimized  relative  to  the  thermal  or  nonselective  mecha¬ 
nisms.  Consider  a  train  of  pulsed  radiation  coupling  to 
tissue.  During  a  pulse  energy  will  be  absorbed  by  both 
selective  and  nonselective  mechanisms.  Between  pulses 
the  energy  will  be  dissipated  to  surrounding  tissue  with 
a  certain  rate  of  dissipation  for  each  mechanism.  Ab¬ 
sorption  mechanisms  that  have  relatively  long  relaxa¬ 
tion  times  are  candidates  for  mechanisms  that  optimize 
selective  relative  to  nonselective  deposition  of  energy 
into  tissue.  In  other  words,  such  mechanisms  suggest 
exposure  paradigms  that  optimize  the  targeting  of  radia¬ 
tion  to  diseased  tissue. 

As  an  example  of  mechanisms  for  selective  coupling 
of  radiation  to  biopolymers,  a  significant  component  of 
tissue,  consider  the  resonant  modes  of  DNA.  Micro- 
wave  and  far-infrared  experiments  indicate  minimum 
lifetimes  on  the  order  of  hundreds  of  picoseconds  [4.5], 
A  theoretical  consideration,  however,  suggests  that  the 
natural  lifetime  may  be  several  orders  of  magnitude 
longer  [6],  Experiments  are  in  preparation  to  determine 
the  natural  lifetimes  of  these  modes  using  pulsed  radia¬ 
tion  from  an  FF.L  tuned  to  the  appropriate  eigenfre- 
quencies.  To  a  certain  extent  the  dynamics  of  DNA 
generalize  to  other  biopolymers,  e.g.  collagen  or  myosin, 
and  therefore  biopolymers  are  the  principle  candidates 
for  possible  targets  to  effect  selective  laser- tissue  inter¬ 
action. 


6.  Concluding  remarks 

The  Vanderbilt  University  Free  Electron  Laser 
Center  for  Biomedical  and  Materials  Research  is  a  users 
facility  that  is  developing  into  a  regional,  national,  and 
international  resource.  The  Vanderbilt  FFL  will  provide 
continuously  tunable,  pulsed  radiation  from  the  L'V  to 
the  1R  and  will  serve  as  a  radiation  source  for  frontier 
experiments  in  FFL  applications  in  materials  and  bio¬ 
medical  sciences.  This  program  carries  on  the  strong 
tradition  of  interdisciplinary  cooperation  at  the  Univer¬ 
sity  and  is  characterized  by  the  common  goals  of  both 
understanding  nonthermal  mechanisms  in  nature  and 
developing  their  biomedical  and  materials  applications 
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The  Vanderbilt  University  MFEL  program  comprises  a  broad  variety 
of  activities  ranging  from  fundamental  science  to  clinical  applications. 
The  activities  span  six.  departments  in  three  schools  of  the  University, 
including  the  Departments  of  Physics,  Molecular  Biology,  Materials 
Science,  Otolaryngology,  Radiology,  and  Neurosurgery.  The  compact 
arrangement  of  the  campus  and  the  anticipation  of  working  together  in  a 
single  facility  have  made  it  possible  to  establish  unique  collaborations 
on  innovative  experiments. 

To  support  these  activities,  the  University  has  constructed  a  $2.6 
million,  state-of-the-art  laboratory  building  adjacent  to  the  Medical 
School ,  the  Physics  Department  and  the  Engineering  School .  A  FEL  is 
under  construction  by  Sierra  Laser  Systems,  to  produce  tunable,  high- 
peak-power,  pulsed  radiation  in  the  wavelength  region  from  2  to  10 
microns.  Construction  of  the  f ree-electron  laser  is  on  schedule,  and 
the  machine  should  be  in  full  operation  in  the  Spring  of  1990. 
Approximately  600  square  meters  of  laboratory  space  is  available  on  the 
floor  above  the  vault,  including  two  animal  operating  rooms.  This  space 
is  now  in  use  for  experiments  with  conventional  lasers,  in  prepararion 
for  the  availability  of  the  FEL. 

At  the  present  time,  the  laser  applications  projects  underway 
include  seven  separate,  but  related  efforts: 

(1)  Surface  physics:  Laser- induced  desorption  and  selective 
molecular  bond-breaking  on  surfaces,  which  are  important  processes  in 
laser- induced  damage  to  optical  materials  as  well  as  in  the  nonthermal 
interaction  of  lasers  with  biological  materials. 

(2)  Materials  science:  Mechanisms  of  infrared  laser  -  induced  damage 
in  glasses  and  optical  fibers,  which  are  of  importance  to  the 
application  of  FELs  and  other  infrared  lasers  in  medicine  and  other 
fields . 

(3)  Biophysics:  Nonlinear  spectroscopy  of  large  biomolecules  such 
as  DNA,  which  is  important  for  biological  processes  such  as  the 
localized  melting  of  DNA  during  transcription. 

(4)  Molecular  biology:  Dynamics  of  membranes,  especially  ion 
transport  mechanisms  such  as  the  calcium  pump  protien. 

(3)  Wound  healing:  Nonlinear  interactions  of  lasers  with  tissue, 
with  the  objective  of  understanding  the  selective,  nonthermal  effects  of 
short-pulse  laser  radiation  on  collagen  formation,  fibroplast 
proliferation,  and  so  on. 

(6)  Neurosurgery:  Fundamental  studies  of  the  nonlinear  interaction 
of  laser  radiation  with  brain  tissue,  as  well  as  the  development  of 
stereotactic  imaging  for  neurosurgical  procedures. 

(7)  X-Ray  imaging:  Generation  and  application  of  monochromatic  X- 
Rays  in  the  region  from  5  to  20  kV  formed  by  Compton-backscattering 
infrared  radiation  off  the  electron  beam  from  the  FEL. 
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The  creation  of  a  powerful,  tuneable,  monochroma  t ic  X-ray  source 
would  herald  a  new  and  exceptionally  diverse  generation  of  diagnostic 
medical  and  material  imaging  modalities. 

Hie  production  of  2  micron  photons  within  the  Vanderbilt  Free 
Electron  Laser  by  an  electron  beam  of  high  quality  and  high  peak  current, 
offers  an  opportunity  to  use  the  residual  electron  beam  that  is  normally 
"discarded"  from  the  FEL  and  make  it  collide  with  its  own  generated 
photons  to  create  tuneable,  nearly  monochromatic  X-rays  by  Gompton 
backscatter. 

Once  the  electron  beam  has  exited  the  FEL,  it  will  be  transported 
using  bending  and  focusing  magnets  to  an  interaction  zone  whose  axis  is 
aligned  with  a  12"  PVC  beam  pipe  which  penetrates  the  MFEL  building 
structure  from  the  FEL  vault  to  a  shirtsleeves  environment  target  room 
situated  on  the  upper  floor  of  the  facility.  Hie  electrons  will  interact 
with  the  extremely  intense  photon  flux  of  the  FEL  and  other  conventional 
lasers.  Compton  backscatter ing  will  generate  a  cone  of  intense  narrow 
bandwidth  X-rays  which  will  be  transported  via  the  PVC  beam  pipe  to  a 
tissue  or  material  sample  in  the  target  roan. 

Monte  Carlo  algorithms  have  been  used  to  model  the  energy  and  angles 
of  the  X-ray  beams  that  will  be  produced.  Hie  initial  configuration  of 
this  device  will  generate  photons  up  to  17.9  Kev,  although  higher  energies 
are  easily  obtainable  through  the  use  of  frequency  doubling  techniques, 
alterations  of  electron  beam  energy,  and  the  utilization  of  various 
conventional  lasers  as  well.  Hie  photon  flux  will  be  sufficient  to  allow 
us  to  perform  in  vivo  and  in  vitro  trace  element  analysis,  near- 
monochromatic  radiography  and  three-dimensional  imaging  in  a  fashion  never 
before  possible. 

Hie  initial  X-ray  experiments  will  include  analysis  of  excised 
tissues,  followed  by  attempts  to  detect  malignant  breast  lesions  implanted 
in  nude  mice.  Initial  proofs  are  to  be  followed  by  application  of  this 
new  high  contrast/low  dose  imaging  modality  to  detection,  analysis  and 
treatment  of  breast  lesions  in  humans. 


This  work  has  been  supported  in  part  by  a  Grant  fran  the  Eastman  Kodak 
Corporation  Health  Sciences  Division. 
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The  free-electron  laser  (FEL)  is  a  new  kind  of  coherent  light  source  based  on  a  marriage  of 
laser  and  high-energy  accelerator  technology.  Vanderbilt's  recently-funded  FEL  Project  in 
Biomedical  and  Materials  Research  is  an  interdisciplinary  collaboration  between  the  Schools  of 
Medicine  and  Engineering  and  the  College  of  Arts  and  Science,  whose  goal  is  to  bring  together 
researchers  both  from  Vanderbilt  and  other  institutions  who  are  interested  in  studying  the  electronic 
interactions  of  FEL  photons  with  everything  from  atoms  and  molecules  on  surfaces  to  living 
tissue. 

In  this  tutorial  talk,  I  shall  describe  the  basic  operating  principles  of  free-electron  lasers  in  a 
qualitative  way;  summarize  the  program  goals  for  our  FEL  project,  including  collaborative  efforts 
with  "outside"  users;  and  finally  consider  three  applications  in  which  Vanderbilt  researchers  expect 
to  use  FEL  photons  in  ways  not  possible  with  conventional  lasers:  studies  of  laser-induced  surface 
physics  and  chemistry,  especially  in  beam  delivery  systems  for  high-power  ultra-short  pulse 
infrared  lasers;  excitation  of  the  normal  modes  of  DNA  and  other  biologically  important 
macromolecules  to  study  drug  action,  cross-linking  and  metabolism;  and  use  of  non-thermal 
laser-tissue  interactions  to  reduce  scarring  and  tissue  damage  in  arthroscopic  and  other  kinds  of 
laser  surgery. 
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Fully  angular-resolved  kinetic-energy  distributions  of  alkali  and  halogen  atoms  emitted  due  to 
electron-stimulated  desorption  have  been  measured  for  (100)  and  (1 10)  alkali-halide  surfaces.  An  unex¬ 
pected  strong  directional  emission  of  nonthermal  halogen  atoms  along  the  (100)  axis  of  the  investigated 
crystals  has  been  found  which  is  in  contradiction  to  the  predictions  of  the  previously  proposed  "Pooley 
model."  We  propose  a  new  model  involving  diffusion  of  hot  holes  to  the  surface,  and  sudden  localization 
of  the  excited  hole  at  the  surface  of  the  crystal. 

PACS  numbers:  79.20.Kz.  71.35.+/..  78.55.Fv.  82.65  My 

Since  the  early  work  of  Townsend  and  Kelly  [t]  and  present  a  direct  comparison  between  angle-resolved  cner- 

Imberg  and  Rhodin  [2],  it  is  known  that  electron  irra-  gy  spectra  of  bromine  atoms  taken  for  (100)  and  (1 10) 

ttion  of  alkali-halide  surfaces  results  in  the  efficient  surfaces  of  KBr.  The  data  demonstrate  that  independent 

sorption  of  alkali  and  halogen  atoms.  Several  attempts  of  the  surface  orientation  the  directional  ejection  of  non- 

ve  been  made  to  construct  a  model  of  electron-stim-  thermal  halogen  atoms  takes  place  along  the  (100)  axis  of 

tied  desorption  (ESD)  in  alkali  halides  [3-8],  In  par-  the  bombarded  crystals  rather  than  along  the  (1 10)  dircc- 

ular,  the  “Pooley  model"  has  been  applied  as  an  ex-  tion  as  predicted  by  the  Pooley  model.  Our  data  strongly 

ination  of  ESD  from  alkali  halides  by  Townsend  [3,6].  indicate  the  need  for  a  new  theoretical  approach  to  cx- 

ie  main  idea  of  this  model  is  that  nonradiativc  decay  of  plain  the  ESD  of  alkali  halides. 

:  bulk  self-trapped  exciton  followed  by  a  focused  re-  The  time-of-flight  spectrometer  used  in  these  experi- 
icement  sequence  along  the  closely  packed  (110)  chains  ments  was  described  previously  [13,14],  The  base  pres- 

thc  halogen  atoms  is  responsible  for  halogen  dcsorp-  sure  in  the  system  was  5xlO~7  Pa.  A  0.7-keV  electron 

n.  Thus,  this  bulk-exciton  model  predicts  strong  dircc-  gun  supplying  a  beam  of  5-10  pA  onto  a  spot  of  3-4  mm 

nal  emission  of  halogen  atoms  along  the  (110)  direc-  was  mounted  on  the  same  manipulator  as  the  sample 

ns  of  the  crystal.  Despite  a  rather  wide  acceptance  of  holder.  Thus,  variation  of  the  observation  angle  during 

:  Pooley  model,  we  believed  that  a  comprehensive  ex-  the  angular  distribution  measurements  could  be  achieved 

rimental  test  of  its  predictions  had  not  yet  been  per-  with  a  fixed  bombardment  angle  (45°  with  respect  to  the 

med.  Early  attempts  to  measure  angular  dependence  surface  normal).  In  addition,  the  manipulator  allowed  in- 

emitted  species  were  done  by  means  of  a  collector  dependent  rotation  of  the  sample  in  the  horizontal  plane. 

:thod  [3,6,9].  Unfortunately  this  technique  does  not  so  that  the  angular  scans  could  be  made  in  various,  a rbi- 

jvidc  any  information  about  either  mass  or  charge  of  trarily  chosen  planes  of  the  crystal.  Neutral  particles 

:  different  desorbing  species  that  arrive  at  the  collected  leaving  the  sample  within  a  solid  angle  of  1.4*  10 ~4  sr 

posit  and  stick  with  various  probabilities.  In  addition,  were  ionized  in  an  electron-impact  ionizer  and  mass 

iputtcring  of  the  collector  deposit  by  reflected  primary  selected  in  a  quadrupolc  mass  spectrometer.  Time-of- 

clrons,  strongly  focused  along  surface  crystallographic  flight  distributions  were  measured  with  a  correlation 

eeuons  [10],  is  likely  to  influence  such  results.  technique  [15). 

The  first  time-of-flight  measurements  for  ESD  of  alkali  The  samples  were  high-purity  (100)  and  (1 10)  single 

lidts  were  performed  by  Overeijndcr  et  al.  [ll]  fo-  crystals  of  KBr  and  a  (100)  crystal  of  KC1,  cleaned  by 

mpressed  powder  samples.  The  only  published  energy  healing  to  700  K  in  vacuum  for  several  hours.  This  pro- 

aributions  for  halogen  atoms  desorbed  from  single-  ccdure  is  shown  to  produce  well-ordered,  single-crystal 

r'stal  material  were  obtained  by  Postawa  and  co-  surfaces  of  alkali  halides  as  examined  by  LEED  and 

irkers  [12,13].  In  the  work  we  report  here,  for  the  first  Auger-electron  spectroscopy  [10,16].  The  composition  of 

ic  a  direct  correlation  has  been  measured  among  the  the  electron-bombarded  surface  was  monitored  in  this  e\- 

ection  of  ejection,  the  mass  nd  translational  energy  of  periment  by  means  of  Auger-electron  spectroscope  We 

Jesorhed  particle,  and  the  crystallographic  structure  of  found  using  this  technique  thai  the  surface  composition 

well -characterised  insulator  surface  In  particular,  we  for  KC'I  and  KBr  remained  stoichiometric  for  tempera- 
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lures  above  90°C.  Consequently,  all  experimental  data 
were  taken  above  this  temperature. 

Fime-of-tlight  spectra  of  Br  atoms  desorbed  from  a 
( 100)  surface  of  a  KBr  crystal  for  several  observation  an¬ 
cles  are  shown  in  Fig.  1(a).  The  scans  were  taken  in  the 
(010)  plane  of  the  crystal.  The  spectra  were  normalised 
so  that  the  total  area  under  each  timc-of-flight  distribu¬ 
tion  corresponds  to  the  respective  data  point  of  the  mea¬ 
sured  angular  dependence  of  the  total  Br  yield.  Two  ve¬ 
locity  distributions  can  be  distinguished  in  the  timc-of- 
lliglit  spectra  in  the  range  of  observation  angles  measured 
from  0°  to  45°.  The  broad  peak  with  a  maximum  at  I 
ms  may  be  attributed  to  a  Maxwellian  distribution  of 
thermal  atoms,  while  the  second,  sharp  peak  with  a  max¬ 
imum  at  0.4  ms  and  a  sharp  cutoff  below  0.2  ms  ( 1 .2  eV), 

(a)  700  eV  electrons 


FIG.  I.  Time-of-flight  spectra  of  Br  atoms  desorbed  from  a 
KBr  crystal  at  I40°C.  The  distributions  were  normalized  so 
that  the  total  area  under  each  distribution  corresponds  to  the 
respective  data  point  of  the  measured  angular  dependence  of 
the  total  Br  yield.  The  solid  lines  represent  best  fits  of  the  su¬ 
perposition  of  a  Maxwellian  distribution  with  temperature  T 
“I40°C  and  an  arbitrarily  chosen  Gaussian  function.  For 
better  visual  presentation  the  time-of-flight  distributions  were 
not  corrected  for  varying  ionization  efficiency  of  our  electron- 
impact  ionizer  which  is  inversely  proportional  to  the  velocity  of 
I  Fie  detected  atoms,  (a)  Distributions  measured  for  four 
dilTcrent  observation  angles  in  the  (010)  plane  of  the  (100)  KBr 
crystal,  (b)  Distributions  measured  for  four  difTcrcnt  observa¬ 
tion  angles  in  the  (001 )  plane  of  the  (I  10)  KBr  crystal 


corresponds  to  a  faster,  nonthermal  distribution  of  Br 
atoms. 

Angular-dependent  measurements  of  the  thermal  and 
nonthermal  distributions  show  that  they  have  markedly 
different  angular  distributions.  The  thermal  particles  can 
be  described  by  a  cosinelike  function  characteristic  of  iso¬ 
tropic  emission;  in  contrast,  the  nonthermal  bromine 
atoms  have  a  strikingly  more  peaked  angular  dependence 
as  shown  in  Fig.  2(a).  Front  the  above  anal  vs  is.  it  is 
clear  that  desorption  of  nonthermal  halogen  atoms  from 
a  KBr  (100)  sample  is  strongly  directed  along  the  1 1 00) 
axis  of  the  crystal. 

Our  time-of-flight  measurements  indicate  that  lor  tar- 


observation  angle  tfl)  [dcg| 

FIG  2  Angular  distributions  of  the  nonthermal  Br  atoms 
desorbed  from  j  KBr  crystal  at  I40°C  The  data  points  were 
obtained  by  subtracting  the  cosine  angular  distribution  abscised 
for  thermal  halogen  atoms  from  the  experimentally  measured 
dependence  for  total  Br  intensity  The  solid  curves  are  drawn  to 
guide  the  eye  (a)  The  distribution  measured  in  a  (010)  plane 
of  the  (100)  KBr  crystal  (b)  The  distribution  measured  in  a 
(001 )  plane  of  the  (I  10)  KBr  crystal. 
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get  temperatures  below  I00°C,  practically  only  non- 
thermal  Br  atoms  are  emitted  along  the  (100)  axis  as 
shown  in  Fig.  3.  The  time-of-flight  distribution  of  the 
nonthermal  Br  atoms  is  found  to  be  very  narrow  (half¬ 
width  of  0. 1 2  ms);  its  position  and  width  were  observed  to 
be  independent  of  temperature.  If  the  nonthermal  atoms 
would  originate  in  the  bulk  of  the  sample,  subsequent 
energy-loss  processes,  for  example,  phonon  decay  occur¬ 
ring  during  transport  to  the  surface,  would  result  in 
broadening  of  the  low-velocity  side  of  the  time-of-flight 
spectrum.  Such  broadening  is  definitely  not  observed  and 
this  would  indicate  that  the  nonthermal  halogen  atoms 
are  emitted  from  the  surface. 

The  time-of-flight  distributions  measured  for  a  (100) 
surface  of  KCI  show  the  same  behavior  as  the  ones  de¬ 
scribed  for  KBr.  The  ratio  of  nonthermal-to-thermal 
halogen  yield  for  KCI,  however,  for  the  same  observation 
angle  and  target  temperature,  is  smaller  than  that  for 
KBr  For  example,  at  0—0°  and  T—  I40°C.  this  ratio 
equals  0.29  for  KCI  and  1.88  for  KBr. 

In  order  to  learn  more  about  the  nature  of  the  direc¬ 
tional  emission  of  nonthermal  halogen  atoms,  we  mea¬ 
sured  the  angle-resolved  time-of-flight  spectra  for  a  spe¬ 
cially  polished  (110)  surface  of  KBr.  In  this  case  the 
(100)  axis  forms  an  angle  of  ±45°  with  the  surface  nor¬ 
mal  in  the  (001)  plane.  The  time-of-flight  spectra  for 
this  case  are  shown  in  Fig.  1  (b).  The  angular  distribution 
of  the  nonthermal  Br  signal,  taken  in  this  plane,  is  shown 
in  Fig.  2(b).  In  contrast  to  the  distribution  from  Fig. 


snoot) 


60000 

Is 

E 

3 

-£  40000 

X 

3 

e: 

u 

~  20000 


0 

0  12.4 

time  of  flight  [ms] 

HO  1  Timc-of-flight  distribution  of  Br  atoms  desorbed 
from  a  f  100)  KBr  crystal  at  95  °C.  As  in  f  ig  I  the  distribution 
was  not  corrected  for  the  velocity-dependent  ioni/ation 
ethciencv  The  observation  angle  was  0°  The  solid  curve  is 
drawn  to  euidc  the  eye 


energy  (cVJ 

1.0  0.1  0.05  0.01 


700  eV  electrons 
on  (  100  )  KBr 


J 


2(a),  two  peaks  are  seen,  centered  at  +45°  and  -45° 
with  respect  to  the  surface  normal.  It  has  been  found, 
however,  that  the  cosine  distribution  with  respect  to  the 
surface  normal  for  the  (110)  surface  still  describes  the 
thermal  emission  of  Br  atoms  and  the  total  emission  of  K 
atoms  at  all  temperatures.  Thus,  indeed  only  the  non¬ 
thermal  Br  atoms  are  ejected  directionally  within  the  nar¬ 
row  cone  around  the  (100)  axis  of  the  crystal  which,  in 
this  case,  does  not  coincide  with  a  surface  normal. 

As  we  have  mentioned  above,  the  Pooley  model  of  LSD 
of  alkali  halides  predicts  that  a  (NO)  direction  of  the 
crystal  [i.e.,  0“±45°  for  the  (100)  samplcl  should  be 
the  preferred  one  for  halogen  emission.  Our  experimen¬ 
tal  results  clearly  contradict  this  expectation  which  was 
based  on  bulk  cxciton  decay.  In  order  to  explain  our  re¬ 
sults,  we  propose  a  new  model  which  invokes  a  sudden  lo¬ 
calization  of  the  excited  (‘'hot")  hole  at  the  surface  of  the 
crystal.  Recently,  it  became  evident  that  hot  holes  in  the 
valence  band  and  free  electrons  are  created  with  high 
probability  by  ionizing  radiation  [8,17-20],  The  initial 
kinetic-energy  distribution  of  hot  holes  could  be  described 
by  the  valence-band  density  of  states  [ 1 8,2 1 ) .  It  follows 
from  the  photoemission  measurements  that  in  KBr  this 
energy  can  be  as  high  as  2.6  cV  with  the  average  value  of 
1.3  eV  [22).  Furthermore,  due  to  this  high  initial  energy 
acquired  in  primary  excitation,  hot  holes  can  migrate 
over  considerable  distances  in  alkali  halides  [17-20],  thus 
providing  a  necessary  transport  mechanism  for  the  excita¬ 
tion  energy  to  go  from  the  bulk  to  the  surface.  The  excit¬ 
ed  halogen  hole  X *  arriving  nonadiabatically  at  the  sur¬ 
face  would  likely  experience  a  repulsive  potential  due  to 
breaking  of  the  bulk  symmetry.  Simple  electrostatic  con¬ 
siderations  for  the  ionic,  NaCI-lype  surface  indicate  that 
the  repulsion  would  be  directed  preferentially  along  the 
axis  between  a  subsurface  alkali  ion  (A/  +  )  and  the  sur¬ 
face  halogen  site  occupied  by  X*  as  seen  in  Fig.  4.  Note 
that  the  M  + -X*  axis  coincides  with  the  (1 00)  direction 
for  both  (100)  and  (1 10)  surfaces  of  the  NaCI-type  crys¬ 
tals;  this  ejection  direction  is  consistent  with  our  angu¬ 
lar-resolved  measurements.  An  alternate  possibility  of 
hot-hole  localization  at  the  surface  would  be  via  a  halo¬ 
gen  molecular  complex  (,Y::_)*  (in  analogy  with  the 
bulk  decay  of  a  self-trapped  cxciton),  but  as  pointed  out 
by  Williams  [8],  it  would  more  likely  lead  to  the  ejection 
of  a  halogen  negative  ion  X  ~  along  (110). 

Although  negative  ions  could  not  be  measured  with  our 
timc-of-flight  spectrometer,  significant  negative  halogen 
emission  has  been  observed  previously  [1,9].  Since  the 
collector  technique  is  not  able  to  distinguish  between 
negative-ion  and  neutral-atom  emission,  some  of  the 
directional  (110)  and  (211)  spots  observed  by  Townsend 
el  al  1 3]  and  by  Schmid,  Braunlich,  and  Rol  [9],  ascribed 
so  far  to  directional  emission  of  neutrals,  could  have  been 
due  to  the  negative  ions  Note  that  in  the  laser  experi¬ 
ment  of  Schmid.  Braunlich.  and  Rol  only  the  lowest  e\ei- 
inntc  Mates  could  be  excited  w  ith  the  available  photon  en- 
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MG.  4.  A  schematic  view  of  the  lattice  excitations  in  alkali 
halides  leading  to  desorption  via  the  focused  replacement  se¬ 
quence  (Pooley  model)  and  repulsion  of  the  hot  hole  localized 
at  the  surface  (new  model).  X  denotes  a  hologen  and  M  an  al¬ 
kali  atom. 


erg>  and  the  central  UOO)  spot  was  not  observed.  In  our 
experiment,  however,  as  well  as  in  the  collector  experi¬ 
ment  by  Townsend  et  al.  l3l,  the  energy  of  primary  elec¬ 
trons  used  for  desorption  was  sufficient  to  create  highly 
excited  holes  and  indeed  the  centra!  {100)  emission  was 
observed. 

In  conclusion,  we  can  distinguish  the  following  steps  in 
the  proposed  model  to  explain  ESD  of  nonthermal  halo¬ 
gen  atoms:  (a)  creation  of  highly  excited  (hot)  electron- 
hole  pairs  within  the  penetration  range  of  the  primary 
electrons,  (b)  fast  hot-hole  diffusion  to  the  surface  within 
a  time  range  of  picoseconds  (the  mean  diffusion  range  is 
comparable  to  the  penetration  depth  of  the  primary  elec¬ 
trons),  and  (c)  hot-hole  localization  at  the  surface  result¬ 
ing  in  directional  emission  of  the  nonthermal  halogen 
atoms  due  to  its  repulsive  interaction  with  a  subsurface 
alkali  ion  along  the  (100)  axis  of  the  crystal. 
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We  report  measurements  of  photon-stimulated  desorption  of  excited  atoms 
from  LiF  and  NaCl  crystal  surfaces.  Based  on  these  measurements,  we 
propose  a  new  model  of  photon-initiated,  defect-mediated  desorption 
involving  exoergic  surface  reactions  between  alkali  dimers  and  halogens. 
This  model  consists  of  two  steps:  (a)  reactants  are  formed  at  the  surface, 
directly  or  by  the  migration  to  the  surface  of  holes  and  defects  created  in  the 
near  surface  bulk,  due  to  uv  photon  bombardment,  and  (b)  excited  alkali 
atoms  are  emitted  following  a  reaction  between  the  alkali  and  halogen  surface 
species. 

PACS  numbers:  82.65Yh,  79.60.-m,  78.60.Ps,  34.20.Mq 


In  this  letter  we  present  a  new  model  for  desorption  of  excited  alkali  atoms  from 
alkali  halide  crystal  surfaces  following  photon  bombardment.  The  mechanisms  responsible 
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for  the  production  of  excited  alkali  atoms  by  Dhoton-stimulated  desorption  (PSD)  and 
electron-stimulated  desorption  (ESD)  have  been  the  subjects  of  much  controversy.  Two 
models  have  been  invoked  most  often  to  account  for  the  production  of  the  excited  atoms. 
One  model  involves  ion  neutralization,  and  is  analogous  to  the  Knotek-Feibelman 
mechanism  for  ion  desorption.1  -2  According  tc  this  mechanism,  the  interatomic  Auger 
decay  of  a  core  hole  results  in  the  formation  of  two  valence  holes  on  a  single  surface  anion 
resulting  in  ion  desorption.  Subsequent  neutralization  of  the  desorbing  ion  into  an  excited 
state  then  accounts  for  the  observed  excited  atom  yield.  The  second  model  assumes  that  the 
excited  atoms  are  produced  by  secondary-electron  excitation  of  desorbed  ground  state 
atoms  in  the  gas  phase.3'6  Recent  work7  shows  that  valence  excitations  alone  can  lead  to 
excited  alkali  atom  desorption;  thus  core-hole  creation,  an  essential  component  of  the 
Knotek-Feibelman  mechanism,  is  not  always  required  for  the  production  of  excited  alkali 
atoms.  Previous  work7'11  also  shows  that  the  excited  alkali  atom  yield  of  PSD  decreases 
markedly  with  increasing  temperature  while  both  the  total  electron  yield  and  ground  state 
alkali  atom  yield  increase,  in  contradiction  to  the  second  model  involving  secondary 
electron  excitation.  Thus,  both  models  have  been  found  to  exhibit  deficiencies  when 
applied  to  PSD. 

The  new  mechanism  we  propose  is  based  on  one  or  more  exoergic  surface  reactions 
between  alkali  dimers  (M2)  and  halogens  (X  or  X2).  The  most  direct  possible  reaction12'19 
is  M2  +  X  — >  M*  +  MX.20  This  reaction  was  first  suggested  to  explain  the  observation  of 
sodium  D-lines  when  sodium  vapor  was  mixed  with  chlorine,  bromine,  or  iodine  gas.12 
In  general,  the  reaction  occurs  with  most  of  the  possible  combinations  of  alkali  vapors  and 
halogen  gases.  Subsequently  this  reaction  was  studied  directly  by  molecular-beam 
experiments13'17  and  its  feasibility  was  demonstrated  by  semiempirical  theoretical 
calculations.18  The  gas-phase  reaction  cross  section  for  producing  excited  alkali  atoms  was 
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found  by  theoretical  calculations19  and  by  crossed  beam  studies13-17  to  be  very  large,  10  - 
100  A2.  Figure  1,  based  on  the  calculations  in  Struve's  paper,18  depicts  a  section  of  the 
energy  surface  of  collinear  Na2Cl.  The  reaction  proceeds  through  a  transition  state  in 
which  an  electron  from  the  sodium  dimer  shifts  to  the  chlorine  atom  positioning  the  excited 
molecular  complex,  (Na-Na+Cl-)*,  at  a  point  on  the  potential  energy  surface 
corresponding  to  neutral  sodium  in  a  repulsive  state.  The  system  may  then  evolve  through 
this  position  to  form  a  free  sodium  atom  in  its  first  excited  state  and  an  ionically  bonded 
NaCl  molecule.  The  available  reaction  energy  is  no  greater  than  3.50  ±  0.04  eV  for 
Na2+Cl  and  3.30  ±  0.13  eV  for  Li2+F.21  This  limitation  rules  out  the  population  of  those 
higher  excited  states  that  decay  in  the  visible,  unless  there  is  a  contribution  from  reagent 
collision  energy.  (Polanyi  et  al.16  found  that,  in  molecular  beam  experiments,  higher 
excited  states  are  populated  for  collision  energies  in  the  range  0.2  to  0.5  eV.  The  first 
excited  state,  however,  is  always  populated  at  least  an  order  of  magnitude  more  than  the 
higher  excited  states.) 

The  proposed  model  depends  upon  the  presence  of  alkali  dimers  and  halide  atoms 
on  the  surface.  It  is  well  accepted  that  in  PSD  or  ESD  from  alkali  halide  crystals  at  elevated 
temperatures  the  majority  desorbing  species  are  ground  state  halogen  atoms  and  alkali 
atoms.22-23  The  desorption  of  these  ground  state  halogen  and  alkali  atoms  is  thought  to  be 
mediated  by  self-trapped  excitons  created  either  on  the  surface  or  in  the  bulk.24-26  The 
incident  photon  or  electron  creates  one  or  more  holes  in  occupied  valence  bands  in  the  near 
surface  bulk.  Energetic  “hot”  holes  may  migrate  within  a  picosecond,  some  further  into  the 
bulk  and  some  to  the  surface,  before  coming  to  rest  and  forming  self-trapped  excitons.23 
Self-trapped  excitons  in  the  bulk  may  then  decay  forming  an  F-center///-center  pair.25’26 
Subsequent  thermally  assisted  migration  of  the  //-center  can  produce  temperature  - 
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equilibrated  halogen  at  the  surface,  some  of  which  thermally  desorbs  leaving  excess  metal. 
Nonthermal  halogen  emission  may  arise  from  the  decay  of  surface  self-trapped  excitons 
again  resulting  in  excess  metal.27  Depending  on  the  degree  of  metallization,  which  in  turn 
depends  on  the  irradiation  history  and  temperature,  the  accumulated  neutralized  alkali  atoms 
may  then  form  dimers,  trimers,  and  larger  clusters  on  the  surface.28-29  At  some 
accumulated  irradiation  dosage,  the  number  of  dimers  should  reach  a  maximum.  Thus 
during  photon  or  electron  bombardment  of  alkali  halide  crystals,  defect  mediated  processes 
create  at  the  surface  the  necessary  reactants  for  the  postulated  reaction. 

The  PSD  experiments  reported  here  were  performed  at  the  Synchrotron  Radiation 
Center  of  the  University  of  Wisconsin  with  the  Vanderbilt/SRC  6-meter  toroidal-grating 
monochromator,  which  provides  photons  in  the  energy  range  of  7  to  180  eV.  Excited 
atoms  were  detected  by  monitoring  their  characteristic  optical  emission  above  the  surface 
with  a  MacPherson  218  monochromator  and  an  EMI  S-20  photomultiplier  tube.  After 
cleaving,  the  alkali  halide  single  crystals  were  exposed  to  air  for  less  than  30  minutes 
before  the  chamber  was  evacuated.  The  crystals  were  then  annealed  six  to  eight  hours  at 
350°  C. 

Shown  in  figures  2a  and  2b  are  optical  spectra  of  LiF  and  NaCl  crystals  under 
photon  bombardment.  Sharp  peaks  superimposed  on  the  continuous  bulk  luminescence 
correspond  to  atomic  transitions  from  the  2p  to  the  2s  state  for  lithium  atoms  and  the  3p  to 
the  3s  state  for  sodium  atoms,  respectively.  Transitions  from  higher  excited  states,  such  as 
from  the  3p  to  the  2s  state  for  lithium  atoms  (323.3  nm)  and  from  the  4p  to  the  3s  state  for 
sodium  (330.2  nm)  are  not  seen  in  our  spectra,  but  will  be  searched  for  in  future 
experiments.  The  absence  of  the  higher  states  is  consistent  with  the  prediction  of  our 
surface-reaction  model:  the  reaction  energy  available  is  not  sufficient  to  populate  higher 
states  provided  the  reactants  on  the  surface  have  negligible  collision  energy. 

Figure  3  shows  the  excited  lithium  atom  yield  plotted  as  a  function  of  irradiation 
time  during  62.2  eV  photon  bombardment  of  LiF.  The  yield  was  normalized  to  the  photon 
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flux.  The  dependence  of  the  yield  on  the  irradiation  time,  shown  in  Fig.  3,  is  consistent 
with  the  hypothesis  that  the  yield  reflects  the  instantaneous  alkali  dimer  concentration  which 
in  turn  depends  largely  on  the  degree  of  metallization  of  the  surface.  The  nonzero  yield  at 
the  beginning  of  the  measurement  is  due  to  the  presence  of  metal  on  the  surface,  even  for 
the  annealed  samples.28  Initially  there  are  relatively  few  alkali  dimers  on  the  surface;  thus 
even  though  the  halogen  yield  is  large  at  this  stage,  the  excited  atom  yield  is  small.  As  the 
metallization  increases,  there  is  an  optimum  stage  where  many  alkali  dimers  are  present 
while  the  halogen  atom  concentration  remains  large.  At  this  stage  the  excited  alkali  atom 
yield  is  at  a  maximum  as  indicated  by  the  peak  in  figure  3.  With  further  irradiation  the  yield 
decreases  because  of  a  decrease  in  the  concentration  of  dimers  due  to  the  formation  of 
larger  clusters,  and  because  the  metal  clusters  block  halogen  atom  desorption. 

Figures  4a  and  4b  are  plots  of  the  yields  of  excited  Li  atoms  from  LiF  and  excited 
Na  atoms  from  NaCl,  respectively,  as  functions  of  time,  showing  the  effects  of  transient 
halogen  dosing  during  uv  photon  bombardment.  To  increase  the  yields,  incident  zero- 
order  light  transmitted  through  an  aluminum  filter  was  used  for  both  of  these 
measurements.  Yields  were  normalized  to  photon  flux.  Chlorine  gas  was  introduced  into 
the  chamber  for  a  period  of  10  seconds  resulting  typically  in  an  exposure  of  86  Langmuirs 
and  causing  large  enhancements  in  the  excited  atom  yield  for  both  samples.  These 
observations  are  consistent  with  the  hypothesis  that  the  enhancements  were  due  to  the 
increase  of  the  concentration  of  chlorine  atoms  on  the  surface.  We  postulate  that  chlorine 
molecules  are  dissociated  on  the  surface,  providing  the  required  chlorine  atoms.  Note  that 
the  enhancement  in  Li*  yield  in  the  LiF  case  is  due  to  the  action  of  the  externally  introduced 
chlorine  atoms  in  contrast  to  internally  generated  fluorine  atoms.  This  is  a  strong  evidence 
that  reactions  occurring  on  the  surface,  as  postulated,  lead  to  the  emission  of  the  excited 
metal  atoms. 

We  postulate  that  our  proposed  mechanism  is  also  a  contributor  to  electron- 
stimulated  desorption  of  excited  alkali  atoms.  Other  likely  contributors  include  excitation  of 
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desorbed  ground-state  neutral  alkalis  by  primary  beam  electrons4-5  and  also  to  some  extent 
by  secondary  electrons.3  In  support  of  this  postulate,  for  the  case  of  LiF  we  have 
previously  measured  the  temperature-dependent  yield  of  excited  lithium  atoms  during 
electron  bombardment.9  The  yield  was  found  to  be  appreciable  at  room  temperature 
(where  desorption  of  thermal  ground-state  atoms  is  low)  but  increased  by  two  orders  of 
magnitude  with  temperature  up  to  400°  C  (where  radiation  induced  desorption  of  ground 
state  lithium  atoms  is  increased  by  four  orders  of  magnitude).9  In  contrast,  the  yield  from 
photon-stimulated  desorption  is  also  appreciable  at  room  temperature  but  decreases 
markedly  with  increasing  temperature.7-8  This  indicates  that  (a)  for  PSD,  there  is  little 
contribution  from  gas-phase  excitation  by  secondary  electrons,  and  (b)  for  ESD  at  low 
temperatures,  where  gas-phase  excitation  does  not  contribute  because  the  desorption  yield 
of  ground-state  alkalis  is  low,  our  proposed  mechanism  is  the  principal  contributor. 

In  conclusion,  we  suggest  a  new  model  for  the  production  of  excited  alkali  atoms 
by  PSD.  This  model  is  based  on  experimental  measurements  of  photon-stimulated 
desorption  and  the  previously  known  gas-phase  chemiluminescent  reaction  between  alkali 
dimers  and  halogen  atoms.  Radiation-induced  metallization  and  halogen  atom  formation 
provide  the  two  necessary  reactants  for  the  surface  reaction.  The  large  enhancement  of  the 
excited  alkali  atom  yield  due  to  chlorine  dosing,  the  dependence  of  the  yield  on  the 
irradiation  time,  and  the  apparent  absence  of  visible  emission  from  other  excited  electronic 
states  are  in  strong  support  of  the  new  model. 
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Figure  Captions 


Figure  1:  A  schematic  representation  of  a  section  of  the  semiempirical  energy  surface  for 
the  collinear  Na2+Cl  — »  Na*+NaCl  reaction  based  on  figure  1  of  Struve’s  paper  (ref.  18). 
The  vertical  axis  represents  energy,  the  Ri  axis  the  distance  between  the  two  sodium 
atoms,  and  the  R.2  axis  the  distance  between  a  chlorine  atom  and  the  nearer  sodium  atom  of 
the  dimer. 

Figures  2a  and  2b:  Optical  fluorescence  spectra  of  LiF  and  NaCl  crystals,  respectively,  due 
to  photon  bombardment. 

Figure  3:  Effect  of  irradiation  time  on  the  yield  of  excited  lithium  atoms.  The  photon 
energy  was  62.2  eV  and  the  yield  is  normalized  to  the  Ni  mesh  current. 

Figures  4a  and  4b:  Effect  of  chlorine  gas  dosing  on  the  yields  of  excited  alkali  atoms  from 
LiF  and  NaCl  crystals,  respectively,  under  zero-order  light  bombardment.  Dosings  started 
at  Oth  minute  and  lasted  for  10  seconds. 
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Exposure  of  alkali-halide  crystal  surfaces  and  alkali-metal  surfaces  to  nitrogen-  and  carbon-containing  gases  is  found  to  greatly 
enhance  electron-  and  photon-stimulated  desorption  (ESD,  PSD)  of  excited  CN.  The  observations  that  the  desorption  yield  of  CN* 
grows  as  a  function  of  surface  exposure  to  C02  and  N,  gases  provide  strong  insight  into  the  origin  of  the  desorbed  CN  and  the 
desorption  process  itself.  In  addition,  the  data  unambiguously  show  that  pre-irradiation  of  the  alkali-halide  surface  by  electrons  or 
photons  is  required  for  this  dose-dependent  enhancement  to  occur.  The  rate  of  the  growth  is  found  to  be  correlated  to  the  alkali 
component  of  the  alkali-halide  substrate.  On  the  basis  of  this  work  we  present  a  new  model  to  explain  electronic  desorption  of 
excited  molecules  from  alkali-halide  surfaces.  The  model  involves  three  processes:  (1)  pre-irradiation  produces  alkali  metal-rich 
surfaces  via  defect-mediated  processes,  (2)  when  the  surface  is  exposed  to  C02  and  N2,  surface  reactions  generate  CN  molecules 
bonded  to  the  alkali-rich  surface,  and  (3)  electron  or  photon  bombardment  induces  the  desorption  of  excited  CN  molecules  from 
the  surface  by  direct  bondbreaking. 


1.  Introduction 

Bombardment  of  alkali-halide  surfaces  with 
electrons  and  with  UV  synchrotron  radiation  pro¬ 
duces  optical  emissions  which  arise  from:  (a)  des¬ 
orbed  excited  molecules  and  atoms,  (b)  excited 
bulk-impurities,  and/or  (c)  defect  recombination 
in  the  bulk  material  (bulk  luminescence).  Meas¬ 
urements  of  these  spectra  permit  one  to  deter¬ 
mine  final  states  of  excited  neutral  desorbates,  to 
interrelate  surface  and  bulk  dynamical  processes, 
and  thus  to  elucidate  mechanisms  responsible  for 
adsorption  and  desorption  phenomena  [1], 
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Atomic  or  molecular  adsorbates  on  surfaces 
may  originate  either  by  the  migration  of  atoms, 
molecules,  or  defects  from  inside  the  bulk  to  the 
surface  or  by  the  adsorption  of  atoms  or  molecules 
from  external  sources.  We  utilize  the  techniques 
of  electron-  and  photon-stimulated  desorption  to 
help  distinquish  between  these  two  sources  of 
adsorbates.  For  example,  photon-stimulated  des¬ 
orption  of  H\+/  from  alkali  fluorides  has  been  " 
found  to  be  dependent  on  photon-activated  mi¬ 
gration  of  an  intrinsic  hydrogen  impurity  to  the 
surface  [2j.  For  the  case  of  ESD  and  PSD  of  Li 
from  LiF  surfaces,  F-center  diffusion  was  identi¬ 
fied  as  the  means  by  which  neutral  lithium  is 
supplied  to  the  surface  [3].  In  contrast,  some 
desorption  experiments  require  that  the  surface 
be  exposed  to  gaseous  molecules,  e.g.,  NO  [4-7], 
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CO  [81,  OH  [9]  and  N2  [10]  desorption  from  metal 
surfaces.  We  note  also  that  ESD  and  PSD  studies 
are  facilitated  by  knowledge  of  surface  parent 
molecules. 

In  a  previous  paper,  we  reported  first  meas¬ 
urements  of  electron-stimulated  desorption  of  ex¬ 
cited  CN  from  alkali  halide  surfaces  [11];  however 
we  did  not  identify  the  origin  of  the  atomic  com¬ 
ponents  of  the  desorbed  excited  CN.  As  dis¬ 
cussed  above,  it  is  conceivable  that  this  desorbed 
species  may  originate  either  from  migration  from 
the  bulk,  or  from  surface  dosing,  or  both.  We  are 
aided  in  this  study  by  the  fact  that  bulk  intrinsic 
impurity  CN-  centers  have  been  observed  from 
measurements  of  CN"  fluorescence  under  ion 
[12]  electron  and  photon  [13]  bombardment  of 
alkali-halides.  From  this  information  one  can 
speculate  that  a  possible  source  of  surface  CN 
adsorbates  is  the  diffusion  of  these  CN"  impuri¬ 
ties  to  the  surface.  However,  when  Nakagawa  and 
co-workers  [14]  monitored  CN"  impurity  growth 
in  the  near-surface  bulk  of  alkali-halide  crystals 
by  observing  UV  fluorescence  while  exposing  the 
surfaces  to  gaseous  CO-  and  N2  under  short- 
wavelength  synchrotron  undulator  light,  they 
showed  that  surface  CN  may  also  migrate  into 
the  bulk.  Although  there  may  be  some  contribu¬ 
tion  from  the  bulk,  our  present  work  provides 
direct  evidence  that  the  exposure  of  alkali-halide 
surfaces  to  gaseous  C02  and  N2  provides  the 
primary  source  of  adsorbates  required  for  elec¬ 
tron-  and  photon-stimulated  desorption  of  ex¬ 
cited  CN  molecules.  More  specifically,  exposure 
to  gaseous  molecules  followed  by  dissociation  and 
recombination  increases  the  surface  concentra¬ 
tion  of  CN  which  acts  as  a  source  of  CN  *  desorp¬ 
tion. 

Formation  of  adsorbates  by  the  dissociation  of 
large  molecules  or  by  the  recombination  of  two 
individually  bound  atoms  or  molecules  has  been 
investigated  in  thermal  desorption,  and  reviewed 
by  Zacharias  [16].  Modi  and  co-worker  [15]  found 
that  NO  observed  in  thermal  desorption  arises 
from  the  decomposition  of  N02  on  a  Ge(lll) 
surface.  On  the  another  hand,  H2  formation  was 
found  to  be  due  to  the  recombination  of  atomic 
hydrogen  on  a  Cu(UO)  surface  [17],  and  the  source 
of  CO  in  thermal  desorption  to  be  the  recombi¬ 


nation  of  carbon  and  oxygen  bound  to  a  Pd(100) 
surface  [18].  The  present  work  suggests  that  the 
formation  of  adsorbates  which  participate  in  the 
ESD  and  PSD  of  excited  CN  from  alkali-halide 
crystals  and  alkali  metals  proceeds  by  a  reactive 
mechanism  involving  both  dissociation  and  re¬ 
combination  processes. 

Incident  electrons  or  photons  may  also  stimu¬ 
late  surface  processes  (adsorption,  dissociation, 
recombination,  and  desorption)  by  creating  bulk 
and  surface  defects,  changing  surface  stoichome- 
try,  modifying  the  surface  structure,  and  breaking 
bonds  on  the  surface.  Electron-stimulated  ad¬ 
sorption  (ESA)  [19],  an  enhancement  of  adsorp¬ 
tion  initiated  by  electron  irradiation,  can  be  an 
important  step  in  surface  reactions.  ESA  and  its 
relation  to  surface  reactions  have  been  reviewed 
by  Pantano  and"  Madey  [20].  Photon-induced  rup¬ 
ture  of  bonds  on  surfaces  appears  to  play  an 
important  role  in  photon-stimulated  processes  in¬ 
volving  adsorbates  on  surfaces.  Unfortunately, 
very  little  is  as  yet  known,  either  experimentally 
[21]  or  theoretically  [22],  about  photodissociation 
on  solid  surfaces.  It  is  therefore  of  great  interest 
to  investigate  other  radiation-altered  surface  pro¬ 
cesses  as  well  as  stimulated  desorption. 

We  report  below  new  measurements  which  for 
the  first  time  link  electron-  and  photon-stimu¬ 
lated  desorption  (ESD  and  PSD)  of  excited  CN 
molecules  from  alkali-halide  and  alkali-metal  sur¬ 
faces  to  the  exposure  of  these  surfaces  to  gaseous 
C02  and  N2.  The  results  show  that  the  desorp¬ 
tion  yield  grows  as  a  function  of  the  exposure  of 
these  surfaces  to  the  gaseous  molecules,  and  that 
the  growth  is  strongly  enhanced  by  pre-irradia¬ 
tion  of  the  alkali-halide  surface.  The  data  indi¬ 
cate  that  incident  electron  and  UV  photon  radia¬ 
tion  serve  two  important  functions:  (1)  incident 
radiation  metallizes  the  alkali-halide  surfaces 
which  significantly  enhance  the  surface  CN  for¬ 
mation  process  upon  subsequent  gas  exposure, 
and  (2)  incident  radiation  leads  to  direct  scission 
of  the  surface-CN  bond.  These  measurements 
give  information  on  the  dynamics  of  making  and 
breaking  of  bonds  on  surfaces  and  provide  insight 
into  related  technological  applications  such  as 
surface  catalysis,  erosion,  surface  damage,  and 
lithography. 
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2.  Experimental  details 

The  experimental  setup,  shown  in  fig.  1,  con¬ 
sists  of  an  ultrahigh  vacuum  (UHV)  system,  which 
operates  at  a  base  pressure  about  3  x  10“'°  Torr. 
The  incident  radiation  was  either  electrons  or 
synchrotron  radiation.  The  samples  were  aikali- 
halide  crystals  and  alkali  metals  which  could  be 
heated  or  cooled. 

Used  was  a  low-energy,  high-brightness  elec¬ 
tron  gun  consisting  of  a  diode  extraction  source 
and  a  three-element  refocusing  lens,  similar  to 
the  design  of  Stoffel  and  Johnson  (23].  A  heated 
osmium-coated  dispenser  cathode  emitted  elec¬ 
trons  with  an  energy  spread  of  0.1  to  0.2  eV.  The 
electron  beam  energy  was  adjustable  in  the  range 
of  10  to  1000  eV,  with  electron  current  ranging 
from  20  to  400  nA.  The  beam  diameter  varied 
from  1.5  to  5  mm. 

The  photon  measurements  were  carried  out  at 
the  University  of  Wisconsin  Synchrotron  Radia¬ 
tion  Center  (SRC)  using  the  Vanderbilt/SRC 
joint  beamline.  The  beamline  features  a  com¬ 
puter  controlled  6-meter  toroidal  grating  mono¬ 
chromator  delivering  dispersed  light  in  the  range 
from  9  to  190  eV.  A  differential  pumping  station 
is  located  between  the  beamline  and  the  experi¬ 
mental  chamber  resulting  in  a  5  orders  of  magni¬ 
tude  difference  of  pressures  between  the  beam 


line  and  the  working  chamber.  At  the  plane  of 
the  sample,  the  beam  spot  was  2.7  mm  high  by  7.4 
mm  wide.  A  93%  transparent  nickel  mesh  was 
mounted  in  the  beamline  and  used  to  measure 
the  beam  flux. 

The  alkali-halide  crystals  were  purchased  from 
Harshaw.  The  crystals  were  cleaved  in  air, 
mounted  with  their  (100)  surfaces  facing  the  beam 
and  heated  under  UHV  conditions  for  cleaning. 
Alkali-metal  surfaces  were  obtained  by  evapora¬ 
tion  from  SAES  alkali  dosers  onto  a  glass  slide. 
To  obtain  thick  metal  layers,  we  continued  the 
dosing  until  there  was  no  optical  transmission. 
These  evaporated  surfaces  are  referred  to  here¬ 
after  as  alkali-metal  surfaces.  The  sample  tem¬ 
perature  could  be  varied  from  58  to  800  K.  An 
ATZ-adjustable  closed-cycle  helium  cooler  was 
used  for  low-temperature  experiments.  A  piece  of 
sapphire  was  mounted  between  the  sample  holder 
and  the  cold  finger,  since  sapphire  has  a  high 
heat  conductivity  at  low  temperatures  (70  K),  and 
is  thermally  insulating  at  high  temperatures 
(>  300  K).  A  chromel-alumel  thermocouple, 
placed  in  thermal  contact  with  the  sample  sur¬ 
face,  measured  temperatures  greate^lhan  room 
temperature,  and  a  chromel-gold  thermocouple, 
was  used  for  temperatures  lower  than  room  tem¬ 
perature.  Dosing  gases  were  admitted  to  the 
chamber  through  two  Varian  leak  valves  allowing 


Fig.  I.  Experimental  configuration  used  for  the  CN  desorption  experiments. 
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the  partial  pressures  of  two  gases  to  be  controlled 
in  the  range  of  1.0  X  10~‘°  to  1.0  X  10-<s  Torr. 

Optical  emissions  from  the  samples  due  to 
electron  or  photon  bombardment  were  imaged 
onto  the  entrance  slit  of  a  McPhereson  0.3-m 
monochromater.  A  1200  lines/mm  grating  (5000 
A  blaze)  was  used  for  fluorescence  measurements 
from  2000  to  o  8000  A;  and  a  2400  lines/mm 
grating  (3000  A  blaze)  was  used  to  measure  the 
rotational  distribution  of  the  desorbed  CN  * 
molecule.  Photons  were  detected  by  a  cooled 
photomultiplier  tube  (PMT),  operated  in  a 
pulse-counting  mode.  Stepping  motor  grating 
controls  and  photon  counting  scalers  were  inter¬ 
faced  through  a  CAMAC  unit  to  an  Apple  Mac¬ 
intosh  computer.  A  quadrupole  gas  analyzer 
(QMA)  was  used  to  detect  residual  gas,  dosing 
gas,  and  outgasing  due  to  desorption. 


3.  Results 

3.1.  Optical  emission  due  to  electron  and  photon 
bombardment 

Bombardment  of  alkali-halide  surfaces  with 
electron  or  synchrotron  radiation  produces  opti¬ 
cal  emissions  arising  from  defect  recombination 
in  the  bulk,  from  excited  bulk-impurity  molecules, 
and  from  desorbed  excited  molecules  and  atoms. 
These  three  features  are  shown  prominently  in 
fig.  2  which  is  a  2000-8000  A  spectrum  from  KC1 


WAVELENGTH  (A) 

Fig.  2.  Typical  optical  emission  spectrum  in  the  range  2000- 
8000  A  due  to  zero-order  synchrotron  light  bombardment  on 
a  single  crystal  KCl  surface  at  room  temperature.  The  surface 
was  exposed  to  gaseous  C02  +N2(1 :1)  at  1. Ox  10" 7  Torr. 


under  synchrotron  light  bombardment  at  room 
temperature. 

The  continuous  fluorescence  in  the  range  of 
3500  to  5500  A  is  luminescence  accompanying 
defect  recombination  [24],  The  nine  bands  be¬ 
tween  2000  and  3500  A  (observed  here  also  in 
second  order)  is  due  to  optical  emission  from 
excited  CN-  impurities  in  the  near-surface  bulk 
[25  J.  By  noting  the  energy  of  the  emitted  photons, 
we  have  determined  that  the  observed  CN"  ex¬ 
cited  state  is  at  least  5.6  eV  above  the  ground 
state.  If  the  CN"  molecules  were  in  the  gas 
phase,  this  energy  would  be  large  enough  to 
reach  the  gas-phase  ionization  limit  of  3.8  eV 
[261.  Thus  the  gas-phase  CN"  excited  state  would 
result  in  neutralization  (CN  +  e)  rather  than  de¬ 
excitation  by  optical  emission  as  observed.  How¬ 
ever  in  alkali-halide  lattices,  the  ionization  poten¬ 
tial  of  CN-  is  raised  to  about  10  eV  [27].  For  this 
case,  the  neutralization  channel  is  not  available^ 
Instead  optical  de-excitation  provides  a  readily 
available  relaxation  channel  for  excited  CN"  im¬ 
purities  in  bulk  alkali  halides  in  agreement  with 
experimental  results. 

The  narrow  band  feature  at  approximately  3870 
A  arises  from  excited  CN  desorbed  from  the  KCl 
surface.  This  feature  was  identified  in  ref.  [11)  as 
the  CN  B2S*-»  X2Z*  transition.  This  character¬ 
istic  emission  attributed  to  the  decay  of  a  free 
excited  CN  *  molecule  above  the  surface  has  been 
also  observed  for  LiF,  NaF,  NaCl,  KBr,  and  Csl 
crystals,  and  for  lithium-,  sodium-,  potassium-, 
and  cesium-metal  surfaces,  under  electron  bom¬ 
bardment. 

Optical  radiation  arising  from  above  the  sur¬ 
face  can  be  distinguished  from  bulk  radiation  by 
measurements  of  the  spatial  location  of  the  emis¬ 
sion,  as  shown  in  fig.  3.  This  figure  is  a  plot  of  the 
intensities  of  optical  emissions  from  CN*,  from 
CN~*  radiating  in  the  bulk,  and  from  other  bulk 
excitations  versus  the  position  of  the  image  of  the 
300-^um  spectrometer  slits  as  the  sample  is  trans¬ 
lated  along  the  beam  direction.  The  emission 
arising  from  the  CN"  impurity  and  the  bulk 
fluorescence  appears  along  the  whole  crystal,  with 
an  enhancement  on  the  front  and  rear  faces  of 
the  sample.  The  distance  between  the  two  peaks 
matches  the  thickness  of  our  sample,  2.2  mm.  In 
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Fig.  3.  Position  dependence  of  optical  emission  arising  from 
CN*,  bulk  impurity  center  CN-*  and  bulk  fluorescence  due 
to  zero-order  synchrotron  light  bombardment  on  a  single 
crystal  KG  surface  at  room  temperature.  The  surface  was 
exposed  to  gaseous  C02+N2  (1:1)  at  1.0X10-7  Torr.  The 
x-axis  is  the  manipulator  reading  representing  the  distance 
between  the  optics  focus  region  and  the  front  surface  of  the 
sample. 

contrast,  the  optical  emission  from  neutral  ex¬ 
cited  CN  can  be  seen  only  in  front  of  the  surface. 
This  confirms  that  the  CN*(B)  radiation  arises 
from  just  above  the  surface. 

3.2.  Enhancement  of  CN*  ESD  yield  due  to  C02 
and  N2  exposure 

Fig.  4a  shows  the  time-dependent  growth  of 
excited  CN  desorption  yield  under  110  p.A,  200 
eV  electron  bombardment  on  KBrClOO)  surfaces 
as  the  surface  was  exposed  to  gaseous  N2  at  two 
dosing  pressures,  2.0  X  10-8  and  5.7  X  10-8  Torr. 
The  plot  is  the  CN*  emission  yield  versus  the 
exposure  time  at  a  constant  N2  pressure.  The 
surface  was  irradiated  by  a  beam  of  200  eV 
electrons  for  four  hours  prior  to  gas  dosing.  Note 
that  the  CN*  desorption  yield  grows  with  the 
exposure  time  and  that  the  growth  tends  to  satu¬ 
rate  at  a  level  characteristic  of  the  pressure.  The 
growth  of  the  electron-induced  CN*  desorption 
yield  under  gaseous  N2  exposure  has  also  been 
investigated  for  KC1  and  LiF  surfaces,  as  shown 


in  figs.  4b  and  4c.  The  desorption  yields  for  all 
surfaces  show  a  similar  monotonic  increase  with 
N2  gas  exposure  but  differ  with  regard  to  the 
time  to  reach  saturation.  The  rise  times,  defined 
as  the  time  to  reach  90%  of  the  saturation  yield, 
are  20  min  for  KC1,  19  min  for  KBr  and  about  40 
min  for  LiF.  Note  that  the  time  constants  for  KBr 
and  KC1  surfaces  are  essentially  the  same,  but 
markedly  different  from  that  for  the  LiF  surface. 
This  correlation  suggests  that  the  parent  bond 
from  which  desorbed  CN  *  arises  is  the  the  bond 
between  surface  metal  and  CN  where  for  these 
measurements,  the  metal  is  either  lithium  or 
potassium. 

In  another  experiment,  a  KCI  surface,  bom¬ 
barded  by  300-eV  electrons  at  a  constant  current 


Fig.  4.  Growth  curves  of  CN  *  desorption  yields  as  a  function 
of  time  during  gas  exposure  and  electron-beam  dosing:  (a) 
KBr  sample  exposed  to  gaseous  N2  at  2.0X10-*  Torr  and 
5.7X10-8  Torr  under  110  A,  200  eV  electron  bombard¬ 
ment,  (b)  KG  sample  exposed  to  gaseous  N,  at  5.0xl0-8 
Torr  and  (c)  LiF  sample  exposed  to  gaseous  N;  at  5.3 x  10-8 
Torr  under  100  (iA,  200  eV  electron  bombardment.  Substrate 
temperature  for  these  experiments  was  60  K. 
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Fig.  5.  The  CN*  desorption  yield  measured  for  a  given  KC1 
surface  as  a  function  of  time  under  various  gas  exposure 
conditions:  (I)  a  clean  KCI  surface,  (ID  the  same  KCI  surface 
exposed  to  N2  (1.2X1Q-®  Torr)  and  (HI)  the  KCI  surface 
additionally  exposed  to  C02  (3.2X10-8  Ton).  The  lighter 
solid  line  is  a  plot  of  total  pressure  as  a  function  of  time.  The 
incident  electron  beam  energy  was  300  eV  with  a  constant 
current  of  100  tiA.  Substrate  temperature  for  this  experiment 
was  60  K. 


are  exposed  to  gaseous  N2  and  CO,  under  elec¬ 
tron  or  photon  irradiation.  In  addition,  we  be¬ 
lieve  that  the  small  yields  measured  under  condi¬ 
tions  of  no  external  dosing  are  due  to  residual  N, 
and  C02  gases  normally  in  the  chamber  even 
under  ultrahigh  vacuum  conditions. 

3.3.  Enhancement  of  CN  *  PSD  yield  due  to  CO, 
and  N2  exposure 

Fig.  6  displays  optical  spectra  arising  from 
zero-order  synchrotron  radiation  incident  on  a 
glass  surface,  with  and  without  a  thick  layer  of 
potassium  metal,  and  with  and  without  CO,  +  N, 
exposure.  Initially  the  clean  glass  sample  was 
bombarded  by  photons  in  situ  for  20  min;  fig.  6a 
shows  the  resulting  optical  emission.  The  contin¬ 
uous  fluorescence  is  due  to  recombination  of 
defects  created  by  photon  bombardment  in  the 
glass  [28],  Next,  potassium  was  evaporated  onto 


of  100  pL  A,  was  dosed  sequentially  First  by  N2  and 
then  by  C02,  as  shown  in  fig.  5.  This  figure  is  a 
plot  of  CN*  emission  yield  (dark  line)  and  gas 
pressure  (weak  line)  as  a  function  of  time.  Ini¬ 
tially,  there  was  no  external  gas  introduced  into 
the  chamber.  Under  these  circumstances  a  small, 
constant  CN*  desorption  yield  was  observed. 
When  the  surface  was  exposed  to  gaseous  N2  at  a 
constant  pressure  of  1.2  x  10-8  Torr  (beginning 
at  the  time  indicated  by  the  first  arrow),  the  CN* 
desorption  yield  increased  toward  saturation. 
Later,  the  surface  was  exposed  to  gaseous  C02  at 
a  constant  pressure,  3.2  X  10"8  Torr,  concurrent 
with  N2  exposure.  As  shown  in  the  figure,  the 
CN  *  desorption  yield  increased  dramatically.  The 
ratio  of  the  saturation  yields  attributable  to  the 
combined  CO,  and  N2  gas  exposures  is  8.9,  which 
is  significantly  larger  than  the  ratio  of  partial 
pressures  of  C02  and  N2,  which  is  1.7.  This 
indicates  that  simultaneous  dosing  of  C02  and 
N2  gases  results  in  a  significantly  higher  CN* 
desorption  yield  than  N2  dosing  alone.  We  ob¬ 
serve  similar  effects  for  KBr  and  LiF  substrates. 
Thus  we  find  that  the  CN*  desorption  yield 
markedly  increases  when  alkali-halide  surfaces 


3000  4000  5000  6000 
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Fig.  6.  Optical  emission  spectra  due  to  zero-order  synchrotron 
light  bombardment  (a)  on  a  clean  piece  of  glass,  (b)  on  a 
potassium-covered  glass  surface,  (c)  on  a  potassium-covered 
surface  with  exposure  of  the  surface  to  gaseous  CO,+N, 
(1:1)  at  I.OxlO-7  Torr  for  2  min,  and  (d)  on  a  potassium- 
covered  surface  following  gas  exposure  (CO-+N,  (1:1)  at 
1.0  x  10"  7  Torr)  for  30  min  at  room  temperature. 
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the  surface.  The  resulting  optical  emission  spec¬ 
trum  is  shown  in  fig.  6b,  where  the  bulk  fluores¬ 
cence  intensity  is  reduced  due  to  the  presence  of 
the  potassium  layer.  Then  the  potassium-covered 
surface  was  exposed  for  two  min  to  a  one-to-one 
mixture  of  C02  +  N2  at  a  pressure  of  1.0  x  10” 7 
Torr.  The  resulting  spectrum,  fig.  6c,  shows  a 
feature  at  3870  A  which  we  attribute  to  the  decay 
of  desorbed  CN*.  Finally,  after  30  min  of  the 
C02  +  N2  (1 : 1)  exposure  with  simultaneous  pho¬ 
ton  irradiation,  the  intensity  of  the  characteristic 
line  is  markedly  enhanced  as  shown  in  fig.  6(d). 
We  can  conclude  from  these  measurements  that 
.photon-stimulated  CN*  desorption  is  greatly  in¬ 
creased  with  C02  +  N2  exposure.  On  a  clean 
glass  surface,  CN*  desorption  was  not  observed 
under  photon  bombardment  and  simultaneous 
C02  +  N2  exposure.  Similar  enhancement  of  CN  * 
desorption  yields  due  to  C02  +  N2  exposure  were 
observed  from  KC1,  and  from  sodium-  and 
lithium-covered  glass  surfaces. 


3.4.  The  role  of  pre-irradiation  in  the  enhancement 
of  CN  *  desorption  yield 


Time  (min) 

Fig.  7.  CN*  desorption  yields  from  a  KC1  surface  at  60  K 
plotted  as  a  function  of  time  exhibiting  the  influence  of  gas 
exposure,  C02  +N2  (1 : 1)  at  1.0 x  IO-7  Torr,  for  a  variety  of 
electron-beam  integrated  doses. 


Three  additional  experiments  were  performed 
which  show  that  the  marked  increase  in  the  CN* 
desorption  yield  is  observed  only  after  the  alkali- 
halide  surface  is  pre-irradiated  with  electrons  or 
photons. 

The  first  experiment  determined  the  depen¬ 
dence  of  the  CN*  desorption  yield  on  the  sam¬ 
ples’  radiation  history.  The  results  are  shown  in 
fig.  7,  for  the  case  of  300-eV  electron  bombard¬ 
ment  of  KC1  surface  at  60  K.  CN*  desorption 
yield  measurements  were  made  for  a  wide  range 
of  pre-radiation  doses  (defined  as  the  pre-radia¬ 
tion  time  multiplied  by  the  electron  current  in 
units  of  pA  h).  The  CN*  desorption  yields,  plot¬ 
ted  as  a  function  of  the  exposure  time,  reach 
saturation  values  which  are  strongly  dependent 
on  the  pre-radiation  dose.  The  inset  in  fig.  7 
shows  that  the  saturation  values  plotted  as  a 
function  of  pre-irradiation  dose  tend  toward  satu¬ 
ration.  For  a  typical  current  of  130  pA,  nine 
hours  were  require"" to  reach  saturation,  as  shown 
in  fig.  7. 


The  second  experiment  involved  a  measure¬ 
ment  of  the  difference  in  the  CN  *  PSD  yield  for 
a  KC1  surface  with  and  without  pre-irradiation. 
Desorption  was  measured  under  zero-order  syn¬ 
chrotron  light  bombardment  at  300  K  and  with 
exposure  to  gaseous  N2  and  C02.  Fig.  8a  shows 
the  time-dependent  yield  after  18  h  of  pre-irradi¬ 
ation  by  zero-order  synchrotron  light  prior  to  the 
gas  exposure.  Fig.  8b  shows  the  yield  obtained 
with  no  pre-irradiation.  Except  for  the  radiation 
history,  both  experiments  were  carried  out  under 
the  same  conditions,  yet  the  saturation  rise  time 
for  the  pre-irradiated  sample  is  smaller  by  a 
factor  of  approximately  three. 

The  third  experiment  involved  a  measurement 
of  the  difference  between  the  CN*  desorption 
yield  for  a  spot  pre-irradiated  by  300-eV  elec¬ 
trons  and  the  yield  for  the  rest  of  the  sample, 
which  had  no  radiation  history  (fig.  9).  A  KC1 
sample  was  cleaved  in  air  and  annealed  at  450°C 
in  UHV  for  four  h  before  the  surface  was  cooled 
to  60  K.  A  single  spot  on  the  surface  was  pre- 
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Fig.  8.  CN  *  desorption  yields  from  KQ  surfaces  with  and 
without  photon  pre-radiation  at  room  temperature  under 
zero-order  synchrotron  light  bombardment  in  the  presence  of 
CO,  +N:  (1:1)  at  1.0X10-7  Torr.  (a)  CN*  desorption  yield 
for  a  KQ  sample  plotted  as  a  function  of  time  for  no  prior 
synchrotron  light  dosing.  For  this  measurement  gas  exposure 
commenced  at  the  9  minute  mark,  (b)  CN*  desorption  yield 
for  a  KC1  sample  plotted  as  a  function  of  time  which  prior  to 
this  measurement  had  experienced  24  h  of  synchrotron  light 
dosing.  Gas  exposure  commenced  at  the  3  min  mark. 


Fig.  9.  CN*  desorption  yields  plotted  as  a  function  of  distance 
for  a  path  directed  along  a  KC1  sample  surface.  The  path  of 
measurement  on  the  surface  intersects  a  spot  pre-irradiated 
by  300  e  V  electrons  at  a  current  of  80  fxA  for  12  h.  The  rest 
of  the  sample  had  not  previously  been  irradiated. 


irradiated  by  300-eV  electrons  for  12  h;  and  the 
surface  was  then  exposed  to  gaseous  C02  and  N2 
at  a  combined  pressure  of  1.0  X  10-7  Torr.  The 
measurements  of  the  position-dependent  desorp¬ 
tion  yields  began  after  the  desorption  yields 
reached  saturation.  The  CN*  desorption  yield 
exhibited  a  maximum  at  the  center  of  the  pre- 
irradiated  spot.  Note  that  the  yield  greatly  less¬ 
ened  as  the  electron  beam  moved  to  regions  of 
the  surface  of  the  sample  which  had  little  or  no 
previous  electron-beam  radiation  history. 

In  addition,  we  have  observed  that  pre-irradia¬ 
tion  of  a  sodium-metal  surface  by  an  electron 
beam  does  not  enhance  the  CN*  yield,  whereas 
the  pre-irradiation  of  a  NaCl  surface  clearly  en¬ 
hances  the  CN*  desorption  yield.  All  of  these 
experiments  indicates  that  the  pre-irradiation 
produces  alkali-metal-rich  surfaces  on  alkali- 
halide  crystals. 


4.  Discussion  and  conclusion 
4.1.  Surface  metallization 

Our  data  strongly  suggest  that  surface  metal¬ 
lization  is  required  for  CN  formation  on  alkali- 
halide  surfaces.  As  shown  above  in  figs.  7,  8,  and 
9,  the  formation  of  CN  on  alkali-halide  surfaces 
requires  pre-irradiation  by  either  electrons  or 
photons.  Incident  electron  or  UV  photon  radia¬ 
tion  not  only  serves  to  stimulate  the  desorption  of 
excited  CN  but  also  plays  a  role  in  precondition¬ 
ing  the  alkali-halide  surfaces  for  subsequent  CN 
formation.  It  is  extensively  documented  that  elec¬ 
tron  [29-31]  and  photon  [32]  bombardment  can 
induce  the  accumulation  of  excess  metal  on  al¬ 
kali-halide  surfaces.  Thus,  we  believe  that  there  is 
a  crucial  relationship  between  the  process  of  ra¬ 
diation-induced  metallization  of  alkali-halide  sur¬ 
faces  and  the  concentration  of  surface  CN  lead¬ 
ing  to  CN*  desorption. 

Surface  metallization  is  understood  in  this  work 
as  a  defect-mediated  process.  Incident  photon  or 
electron  bombardment  deposits  energy  in  the  near 
surface  bulk  by  hole  creation  [33].  This  deposited 
energy  may  generate  a  Frenkel  pair,  which  con¬ 
sists  of  a  halogen  vacancy  with  an  electron  (F- 
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center)  and  a  (halogen)^"  molecular  ion  (H- 
center),  either  in  the  near  surface  bulk  or  on  the 
surface  [34].  Halogen  atoms,  originating  at  the 
surface  H-centers,  may  be  emitted  from  the  sur¬ 
face  [35  j.  The  F-centers  remaining  on  the  surface 
neutralize  excess  metal  ions  left  following  the 
halogen  emission.  Thus,  electron  or  photon  bom¬ 
bardment  on  an  alkali-halide  surface  produces 
surface  metallization. 

4.2.  CN  formation  on  alkali-rich  surfaces 

Our  data  show  that  the  electron-  and  photon- 
stimulated  CN  *  desorption  yields  grow  with  sur¬ 
face  exposure  to  C02  or/and  N2  gas.  The  des¬ 
orption  yields  are  a  function  of  the  concentration 
of  the  parent  adsorbate  (this  function  is  compli¬ 
cated  since  adsorption  sites,  coadsorbates,  de¬ 
fects,  and  diffusion  may  all  affect  the  desorption 
yields).  Thus,  our  experimental  results  imply  that 
the  amount  of  CN  adsorbed  on  the  surface  grows 
with  C02  and  N2  exposure.  In  addition,  we  have 
observed  a  small  amount  of  CN  *  emission  from 
the  surface  under  ultrahigh  vacuum  conditions. 
In  fact,  CN*  emission  in  the  absence  of  external 
dosing  was  observed  to  increase  when  residual 
gas  pressure  increased.  Because  of  the  observed 
enhancement  of  CN*  desorption  yield  due  to 
C02  and  N2  dosing,  we  believe  that  the  CN* 
desorption  from  alkali-halide  surfaces  in  the  ab¬ 
sence  of  external  dosing  [11]  arises  from  residual 
C02  and/or  N2  gases. 

Formation  of  molecular  adsorbates  can  occur 
either  from  dissociation  of  large  molecules  on 
surfaces  [16]  or  from  the  recombination  of  two 
individually  bound  atoms  [17,18].  The  present 
work  suggests  that  the  CN  formation  process  on 
alkali-halides  involves  molecular  dissociation  on 
the  surface  followed  by  recombination.  In  the 
dissociation  process,  C02  and  N2  molecules  de¬ 
compose  on  the  pre- irradiated  surfaces  into  their 
constituent  atoms.  Next  is  the  recombination  of 
these  atoms  into  a  new  molecule  which  includes 
CN  as  one  of  its  contituent  parts. 

An  important  question  is  what  is  the  identity 
of  the  bond  present  on  the  pre-irradiated  alkali- 
halide  surface  prior  to  CN*  desorption.  Our  data 
provides  evidence  that  there  is  a  definite  correla¬ 


tion  between  the  presence  of  surface  metal  and 
the  characteristics  of  electronically  desorbed 
CN*,  which  strongly  suggests  that  the  parent 
bond  of  the  desorbing  CN*  is  the  ionic  bonding 
between  surface  alkali  and  CN  molecule.  Three 
important  classes  of  measurements  support  this 
conclusion. 

The  first  class  of  measurements  discussed 
above,  relates  the  rise-time  of  electronically  des¬ 
orbed  CN*  (which  is  related  to  surface  CN  con¬ 
centration)  to  the  alkali  component  of  alkali 
halide,  as  shown  in  fig.  4.  Clearly,  the  halide 
component  is  not  important. 

The  second  class  of  experiments  described  in 
ref.  [36]  shows  that  the  rotational  distributions  of 
desorbing  CN*  are  systematically  correlated  to 
alkali  components  of  alkali-halide  and  alkali- 
metal  substrates.  Alkali  metals  and  alkali-halides 
with  the  same  alkali  component,  give  arise  to  the 
same  rotational  distribution.  The  distribution  is 
found  to  be  independent  of  the  halide  component 
of  the  substrates. 

The  third  class  of  experimental  evidence  is 
that  the  excitation  function  of  desorbing  CN  *  by 
photons  exhibits  resonance  structure  (16  and  20 
eV)  for  both  potassium  metal  and  KC1  surfaces, 
independent  of  the  chloride  component  of  KC1 
substrate  [36]. 

In  all  these  cases,  there  exists  a  strong  system¬ 
atic  correlation  between  the  alkali  component 
and  the  desorbing  CN  *  which  suggests  that  CN 
is  bonded  to  the  surface  alkali. 

4.3.  Mechanism  for  the  desorption  of  excited  CN 

As  shown  above,  the  presence  of  alkali-CN  on 
the  surface  is  essential  to  the  desorption  phenom¬ 
ena  observed.  Also,  the  data  suggest  that  the 
mechanism  responsible  for  breaking  the  bond  of 
alkali-CN  is  desorption  induced  by  electronic 
transitions  (DIET)  [37].  Specifically,  the  parent 
alkali-CN  is  excited  electronically  from  its  bound 
state  to  an  anti-bonding  state. 

An  important  question  is  the  nature  of  the 
anti-bonding  state  participating  in  the  observed 
desorption  of  excited  CN  in  the  B  state.  The  B 
state  of  neutral  CN  may  be  formed  directly  by  the 
4 cr  -» 5cr  excitation  of  the  CN  molecule  or  by  the 
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4 a  ionization  of  ground  state  CN-.  Our  present 
results  cannot  determine  whether  the  surface  CN 
is  bonded  to  one  or  two  or  possibly  more  metal 
atoms  (e.g.,  K„).  However,  it  is  reasonable  to 
assume  that  the  alkali-CN  bond  is  primarily  ionic, 
and  hence  that  the  4 cr  ionization  channel  of 

_ K*-CN-  system  results  in  a  K^-CN(B)  cationic 

repulsive  state.  As  discussed  in  ref.  [36],  we  ob¬ 
served  a  resonance  peak  at  16  eV  in  the  photon 
energy  dependent  yield  of  desorbing  CN  *  from  a 
potassium  metal  surface,  which  is  close  to  the 
calculated  value  (17  eV)  of  the  4 cr  ionization 
energy  for  a  similar  system,  CN  adsorbed  on  Ni 
metal  [39].  These  considerations  suggest  that  the 
K*-CN~  system  is  raised  to  an  antibonding 
(K„CN)+  state  by  the  ionization  of  the  CN~  4cr 
state,  and  the  desorption  of  CN  in  the  B  state 
results. 

Another  possible  channel  for  surface  CN  loss 
in  addition  to  desorption  is  that  CN“may  diffuse 
from  the  surface  into  the  near  surface  bulk.  In 
order  to  test  this  hypothesis,  we  measured  the 
characteristic  CN-  UV  radiation  arising  from  the 
near  surface  bulk,  which  was  observed  to  increase 
with  exposure  to  gaseous  COz  +  N2  under  syn¬ 
chrotron  UV  photon  bombardment.  This  obser¬ 
vation  is  consistent  with  Nakagawa  and  co¬ 
worker’s  earlier  observation  [14],  Consequently,  it 
is  clear  that  an  important  source  of  the  CN- 
impurity  in  the  near-surface  bulk  is  surface  expo¬ 
sure  to  gaseous  COz  +  N2.  This  indicates  that 
surface  CN,  probably  in  the  form  K*-CN-,  is  an 
important  intermediate  step  in  the  formation  of 
CN"  impurities  in  the  near  surface  bulk  just  as  it 
is  an  important  intermediate  step  in  the  desorp¬ 
tion  process. 

In  conclusion,  the  origin  of  ESD  and  PSD  of 
excited  CN  from  alkali-metal  and  pre-irradiated 
alkali-halide  surfaces  has  been  found  to  be  inti¬ 
mately  related  to  exposure  of  the  surfaces  to  C02 
and  N2  gases.  For  alkali-halide  surfaces,  electron- 
and  photon-induced  metallization  of  alkali-halide 
surface  is  required  for  alkali-CN  formation.  The 
data  suggest  a  new  desorption  model  which  can 
be  described  as  a  three-step  process:  (1)  pre¬ 
irradiation  of  alkali-halides  results  in  alkali- 
metal-rich  surfaces  via  a  defect-mediated  process, 
(2)  a  surface  reaction  produces  alkali-CN 


molecules  on  the  surface  when  the  alkali-rich 
surface  is  exposed  to  C02  and  N2  prio:  to  des¬ 
orption,  and  (3)  an  electron  or  photon  bombard¬ 
ment  breaks  the  (alkali) +-CN-  bond  and  induces 
electronic  desorption  of  excited  CN  molecules 
from  the  surface. 
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Gas-Exposure  Enhanced  Na*  Emission  from  Na-Rich  Surfaces 
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Abstract:  The  optical  emission  attributed  to  electronically  desorbed 
excited  sodium  atoms  from  NaCl  and  Na-evaporated  surfaces  is  shown  to 
be  enhanced  by  exposure  of  the  surface  to  gaseous  CO2  and  N2.  This  is 
the  first  observation  of  enhancement  of  electron-stimulated  desorption  of 
substrate  atoms,  caused  by  the  exposure  of  surfaces  to  gaseous  molecules 
which  do  not  contain  the  desorbed  atoms.  The  large  amount  of  excited 
sodium  yield  at  60  K  provides  evidence  for  non-existence  of  the  secondary- 
electron  excitation  of  thermally  desorbed  ground  sodium. 
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This  work  reports  the  first  measurement  of  the  influence  of  surface  impurities  on 
the  electron-stimulated  desorption  of  substrate  atoms.  The  surface  composition  can  be 
altered  by  the  migration  to  the  surface  of  either  substrate  atoms  or  bulk  defects.1"3  Atomic 
or  molecular  adsorbates  on  surfaces  may  originate  by  exposure  of  the  surfaces  to  gaseous 
molecules  whose  atomic  constituents  are  either  the  same  as,  or  chemically  derived  from,  the 
dosed  molecules.4"6  It  is  quite  understandable  that  external  gas  exposure  enhances 
desorption  yield  of  adsorbates  since  the  dosed  molecules  increase  the  adsorbate 
concentration.  Recently,  the  experiments  of  Johnson  and  co-workers7  and  the  calculations 
of  Nordlander8  show  that  the  probability  of  hydrogen-atom  desorption  from  metal  surfaces 
can  be  altered  by  the  presence  of  impurities  on  the  surfaces.  An  immediate  expectation  is 
that  the  probability  of  substrate-atom  desorption  may  also  be  enhanced  by  the  presence  of 
surface  impurities.  In  this  paper  we  show  that  excited  sodium  atom  emission  is 
dramatically  increased  when  the  electron-bombarded  sodium  surface  is  exposed  to  gaseous 
CO2  and  N2  molecules.  This  observation  indicates  that  gas  exposure  plays  an  important 
role  in  electronic  erosion  of  substrates  and  is  significant  to  such  applications  as 
lithography,  surface  catalysis,  and  the  analysis  of  surface  damage. 

The  work  was  carried  out  in  an  UHV  system,  which  operates  at  a  base  pressure  of 
l.OxlO"16  Torr.  Gases  were  admitted  to  the  chamber  through  two  Varian  leak  valves 
allowing  the  partial  pressures  of  two  gases,  CO2  and  N2,  to  be  controlled  in  the  range  of 
1.0  x  10" 10  to  1.0  x  10"6  Torr.  Electron  gun  was  operated  in  the  energy  range  10  to  400 
eV  at  typical  currents  of  10-150  (iA.  The  samples  were  mounted  on  a  micromanipulator 
allowing  them  to  be  moved  relative  to  the  optical  detection  system.  The  samples  were  in 
thermal  contact  with  both  a  closed-cycle  helium  cooler  and  a  heating  unit:  sample 
temperatures  could  be  varied  from  50  to  800  K.  The  alkali-halide  crystals  were  cleaved  in 
air,  mounted  with  their  (100)  surfaces  facing  the  beam  and  heated  under  UHV  conditions 
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for  cleaning.  Thick  sodium  metal  layers  were  obtained  by  evaporation  from  SAES  sodium 
dosers  onto  a  glass  slide.  Electron  bombardment  of  a  surface  produces  optical  emission 
partially  attributed  to  electronic  transitions  of  desorbed  excited  species  from  the  surface. 
Optical  emission  from  the  samples  was  imaged  onto  the  entrance  slit  of  a  McPhereson  0.3- 
m  monochromater.  Photons  were  detected  by  a  cooled  photomultiplier,  operated  in  a 
pulse-counting  mode.  The  stepping  motor  for  control  of  the  grating  and  the  scaler  for 
photon  counting  were  interfaced  through  CAMAC  and  IEEE-488  units  to  an  Apple 
Macintosh  computer. 

The  results  of  the  experiment  are  presented  in  Figures  1-2.  Figure  1(a)  and  (a’) 
compare  optical  spectra  arising  from  an  electron-bombarded  NaCl  surface  without  and  with 
gas  dosing.  Initially  without  external  gas  exposure,  a  freshly  cleaved  NaCl  sample  was 
cooled  to  60  K  and  pre-irradiated  by  300-eV  electrons  for  about  12  hours.  Figure  1(a) 
displays  a  large  amount  of  bulk  fluorescence  arising  from  this  surface  under  electron 
bombardment.  There  was  no  observable  Na*  emission.  Later,  after  the  surface  was 
exposed  to  30  langmuirs  of  a  1:1  gaseous  mixture  of  CO2  and  N2,  a  large  Na*  desorption 
yield  appeared,  as  shown  in  Figure  l(a’).  Figure  1(b)  and  (b’)  shows  the  similar 
observation  for  sodium  metal  surfaces.  The  difference  between  the  sodium-metal  and  the 
NaCl  experiments  is  that,  to  obtain  the  above  results,  electron  pre-irradiation  was  required 
for  the  NaCl  surfaces  but  not  needed  for  the  sodium-metal  surfaces.  The  data  for  the  both 
substrates  clearly  show  that  gas  exposure  can  influence  electron-stimulated  desorption  of 
substrate  atoms  even  though  the  atoms  are  not  chemically  related  to  the  dosing  molecules. 
As  seen  in  the  figure,  we  also  observe  enhancement  of  the  ESD  yield  of  excited  CN 
molecules.  The  CN  enhancement  is  understood  to  be  due  to  the  increasing  concentration  of 
adsorbed  CN  when  the  surface  is  exposed  to  CO2  and  N2.9 
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The  detailed  growth  process  of  the  excited  sodium  desorption  yield  has  been 
examined  for  various  gas-exposure  times.  The  desorption  yield  of  excited  sodium  atoms 
from  a  Na-metal  surface  under  110  p.A,  300-eV  electron  bombardment  increases  as  a 
function  of  the  CO2  and  N2  exposure  time,  as  shown  in  Figure  2.  The  yield  for  excited 
sodium  increases  faster  than  linearly  with  the  exposure.  The  yield  for  excited  CN 
desorption,  also  shown  in  Figure  2,  increases  slower  than  linearly  with  the  exposure  and 
the  growth  tends  to  saturate  at  large  exposures.  Although  the  CO2  and  N2  exposure 
enhances  both  CN*  and  Na*  desorption  yields,  there  is  an  importr-nt  difference  between  the 
enhancements.  For  CN*  desorption,  the  exposure  is  required  to  increase  the  concentration 
of  the  CN  adsorbates  on  the  surface.  The  saturation  yield  in  the  CN  growth  is  understood 
to  be  due  to  a  saturation  of  the  surface  sites  for  CN  formation  and  an  equilibrium  between 
the  formation  of  surface  CN  and  the  CN  related  desorption.9  However  for  Na*,  there  is  an 
abundance  of  sodium  atoms  on  the  surface  since  these  are  substrate  atoms.  The  saturation 
limit  observed  in  CN  molecules  does  not  appear  for  excited  sodium  desorption  in  the 
exposure  range  investigated  here. 

Many  studies  of  electron  and  photon  stimulated  desorption  (ESD  and  PSD)  of 
excited  alkali  atoms  from  alkali-halide  surfaces  have  been  carried  out.1®*1-*  There  are  long¬ 
standing  arguments  about  whether  the  production  of  excited  alkali  atoms  come  from  the 
secondary  electron  excitation  of  thermally  desorbed  ground-state  alkali  atoms.  The  some 
experimental  results1®'11  support  this  mechanism  as  follows:  1)  the  velocity  distribution  of 
excited  sodium  atoms  follows  a  Boltzmann  distribution  agreeing  with  the  surface 
temperature,  and  2)  electronic  state  populations  of  excited  sodium  atoms  agree  with  the 
populations  observed  in  gas-phase  electron-impact  excitation  cross  sections  for  sodium. 
On  the  other  hand,  some  experiments12'1^  show  that  excited-alkali  production  in  PSD 
decreases  as  the  temperature  increases  while  ground-state  production  of  alkali  atoms 
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increases  as  the  temperature.  Although  the  secondary  electron  excitation  mechanism  may 
be  important  for  some  high  temperature  experiments,  it  cannot  explain  this  difference.  Our 
data  show  that  the  yield  of  excited  sodium  production  at  60  K  is  very  large,  even  larger 
than  the  yield  at  300  K.  At  such  a  low  temperature,  it  is  impossible  to  produce  thermal 
ground-state  sodium  desorption  followed  by  secondary  electron  excitation  in  such  a  large 
amount.  A  direct  desorption  induced  by  excitation  to  some  repulsive  electronic  state, 
and/or  production  due  to  chemical  reactions  on  the  surfaces  may  be  responsible  for  the 
production  of  excited  sodium  metal. 

It  is  extensively  documented  that  electron1®'  14-  15  bombardment  can  induce 
accumulation  of  excess  metal  on  alkali  halide  surfaces.  Thus,  we  believe  that  the  pre¬ 
irradiation  for  NaCl  is  required  to  produce  metallization  of  the  alkali  halide  surface.  It  is 
generally  believed  that  a  metal  surface  is  difficult  to  produce  the  metal  atom  desorption 
since  the  initial  excitation  energy  is  quickly  dissipated  to  the  bulk.  This  is  consistent  with 
our  data,  which  show  no  excited  sodium  desorption  from  sodium  metal  and  Na-rich  NaCl 
surface  under  electron  bombardment. 

CO2  and  N2  exposure  to  the  Na-rich  surface  produces  impurities  of  the  surface. 
These  oxygen,  carbon,  and  nitrogen  impurities  residing  on  the  sodium  surface  may  form 
sodium  compounds,  such  as  sodium  oxide  or  insulator  monolayers/multilayers  on  the  metal 
surface.  Nordlander  theoretically  predicted8  and  Johnson  and  co-workers  observed7  that 
probability  of  excited  hydrogen  atom  desorption  is  enhanced  by  coadsorbed  impurities  on 
metal  surfaces.  We  postulated  that  a  similar  picture  may  apply  to  the  present  result  which 
shows  enhancement  of  substrate  atom  desorption  due  to  coadsorbed  impurities  on  the 
sodium  surfaces.  Formation  of  the  sodium-impurity  complex  localizes  incident  energy  and 
consequently  enhances  the  probability  of  the  sodium  desorption. 
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In  summary,  this  is  the  first  observation  that  electron-stimulated  desorption  of 
substrate  atoms  is  enhanced  by  exposing  the  surface  to  gaseous  molecules  whose  atomic 
constituents  differ  from  the  desorbed  atoms.  This  observation  indicates  that  nature  of 
surface  bonds  plays  an  important  role  in  electronic  erosion.  In  addition,  the  large  amount 
of  excited  sodium  desorption  at  60  K  roles  out  the  second  electron  excitation  mechanism. 
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research  was  sponsored  in  part  by  the  Air  Force  Office  of  Scientific  Research  (AFOSR) 
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Figure  Captions: 

Figure  1.  Optical  emission  spectra  due  to  300-eV  electron  bombardment  (a)  on  a  pre¬ 
irradiated  NaCl  surface  at  60  K,  (a’)  on  the  surface  with  CC>2+N2(1:1)  exposure  at  5.0  x 
10'8  Torr,  (b)  on  a  sodium  metal  surface  at  60  K,  (b’)  on  the  surface  with  C02+N2(l:l) 

exposure  at  5.0  x  10'8  Torr. 

Figure  2.  Excited  sodium  and  CN  desorption  yields  from  a  sodium-metal  surface  at  60  K 
plotted  as  a  function  of  time  exhibiting  the  influence  of  gas  exposure,  CC>2+N2(1:1)  at 

1.0x1  O'07  Torr. 
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ABSTRACT 

We  report  the  creation  of  a  novel  composite  nonlinear  optical  material  by  implanting  Cu  ions  in 
fused  silica.  The  implanted  Cu  ions  aggregate  at  room  temperature  to  form  nm-size  polycrystalline 
clusters  in  a  high-density  thin  (~  150  nm)  layer  just  beneath  the  surface  of  the  substrate. 
Measurements  of  the  Kerr-type  third-order  nonlinear  susceptibility  %(3)  of  this  material  shows  that 
it  has  a  response  time  no  longer  than  6  ps  and  a  magnitude  of  order  10‘8  esu.  The  nonlinearity  is 
enhanced  for  laser  wavelengths  near  the  surface  plasmon  resonance  of  the  copper  colloids. 
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A'*  /■'.  J/apluruJ.  Jr.  cl  ul.  -  "Cu.Silicu  Atm  'cluster  Composite  Material  with  J‘u  ,  ■  nd  ...  Optical  Response" 


The  development  of  practical  optical  computing  and  communication  devices  will  require 
materials  with  large  x ^  fabricated  by  techniques  compatible  with  microelectronics  processing 
technology.  Metallic  nanoclusters  embedded  in  a  dielectric  are  potentially  attractive  for  these 
applications,  since  they  exhibit  a  nonresonant  ultrafast  nonlinear  response  at  the  bulk  or  surface 
plasmon  frequency  of  the  metal.  The  response  time  of  gold  colloids  in  water  has  been  shown  to  be 
less  than  5  psec,1  and  the  size  of  %(3)  and  response  time  of  gold  colloids  both  in  water2  and  in 
Schott  (RG6)  filter  glass3  has  been  found  to  depend  on  colloid  shape  and  size  distributions. 
Enhancements  in  x^3)  of  of  several  orders  of  magnitude  have  been  predicted  for  clusters  embedded 
in  dielectrics.4  However,  metallic  colloids  have  not  previously  been  fabricated  in  a  form 
compatible  with  microelectronics  technology. 

In  this  paper,  we  report  what  to  our  knowledge  is  the  first  observation  of  picosecond  optical 
nonlinearity  in  copper  clusters  produced  by  ion  implantation  in  silicon  dioxide.  The  Cu  clusters 
have  diameters  in  the  2-28  nm  range,  as  shown  by  transmission  electron  microscopy,  and  are 
implanted  in  150-nm-thick  layers.  Electron  diffraction  measurements  show  that  the  clusters  are 
polycrystalline,  face-centered-cubic  structures;  the  smallest  of  them  could  be  expected  to  exhibit 
quantum  size  effects.  The  observed  electronic  nonlinearity  is  of  the  Kerr  type,  and  has  a  response 
time  no  longer  than  5.5  ps  pulses.  The  nonlinear  index  is  strongly  enhanced  at  wavelengths  near 
the  peak  of  the  surface  plasmon  resonance  in  the  copper  nanoclusters,  and  has  a  magnitude  of 
order  10~10  cm2  W'1,  comparable  to  the  values  observed  for  semiconductor  microcrystallites  such 
as  CdxSj.x. 

Our  sample  for  this  experiment  was  made  by  implanting  a  high  purity  fused  silica 
(Spectrosil®)  disk  20  mm  in  diameter  and  1  mm  thick  with  Cu+  ions  at  160  keV  energy  at  room 
temperature  to  a  total  dose  of  12- 1016  ions-cnr2.  The  ion  beam  was  electrostatically  rastered  to 
provide  uniform  implantation,  and  the  current  density  was  2.5  (lA-cnr2,  holding  the  macroscopic 
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temperature  of  the  substrate  below  50  °C.  The  Cti  concentration  and  depth  profiles  of  the 
implanted  ions  were  determined  by  He+  ion  backscattering  (RBS).  The  total  ion  dose  calculated 
from  RBS  was  typically  90%  of  the  integrated  current  measured  during  implantation,  indicating 
minimal  sample  charging.  The  RBS  spectra  of  the  implanted  layers  are  bimodal:  the  larger  peak  is 
about  twice  the  size  of  the  smaller  and  appears  nearer  the  surface.  The  implanted  layer  was  some 
150  nm  thick  FWHM. 

Samples  for  TEM  analysis  were  prepared  by  standard  grinding,  ion-milling  and  back- 
thinning  techniques,  and  examined  in  a  Philips  CM20/T  scanning  transmission  electron  microscope 
operating  at  200  kV.  As  shown  in  the  bright-field  image  in  Figure  1,  the  sample  clearly  contains 
spherical  particles  embedded  in  the  silica  matrix.  This  view  does  not  reveal  the  depth  distribution 
of  the  nanoclusters;  cross-sectional  TEM  measurements  indicate  that  the  larger  particles  are  located 
closer  to  the  surface  in  the  region  of  the  primary  peak  in  the  RBS  spectrum;  the  smaller  clusters  are 
beneath  this  highest-dose  region.5  Measurements  made  while  tilting  the  sample  revealed  that  these 
colloids  are  spherical  in  shape  with  random  crystallographic  orientation.  Electron  diffraction 
measurements,  shown  in  the  insert  to  Fig.  1,  display  a  ring  pattern  characteristic  of  face  centered 
cubic  (FCC)  polycrystalline  metallic  copper,  superimposed  on  the  diffuse  diffracted  intensity  from 
the  amorphous  silica  matrix. 

Panicle  size  distributions  were  obtained  from  projected  diameters  of  the  clusters  from  the 
TEM  bright-field  images.  Regions  of  the  TEM  samples  were  selected  which  had  adequate 
thickness  to  represent  the  overall  panicle  size  distribution.  By  assuming  a  spherical  geometry  and 
a  foil  thickness  equal  to  the  FWHM  depth  calculated  from  the  RBS  profile,  these  particle-size 
measurements  were  used  to  calculate  the  areal  and  volumetric  densities  listed  in  Table  1.  The 
computed  areal  density  was  in  close  agreement  with  that  from  the  RBS  measured  values. 
Elsewhere  we  have  reported  that  such  parameters  of  the  nanoclusters  as  average  cluster  size,  size 
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distribution  and  volume  fraction  are  affected  and  can  be  controlled  Ixnli  by  total  dose  jx-r  side  and 
’  ‘  6  '  ’  sizes  is  roughly  uniform  from  5  nm  to  25  nm  diameter;  the  total 

number  of  clusters  is  estimated  to  be  5.1-1 04  (inr^  in  the  implanted  layer.  For  purposes  of 
comparison,  a  5-nm-diameter  fee  copper  sphere  contains  some  1800  atoms.  For  clusters  with 
diameters  below  10  nm,  quantum  size  effects  are  expected.7 


TABLE  I:  Characteristics  of  Implanted  Sample 


Sample 

Nominal 

Dose 

(ions-cm-2) 

Number 
of  Sides 
Implanted 

RBS 

Dose 

(ions-cm-2) 

Areal 

Density 

(ions-cm*2) 

Volume 

Fraction 

(%) 

1 

12-1016 

1 

2.5 

9.5-1016 

7.5 

Differential  optical  absorption  measurements  on  the  Cu:silica  sample  were  made  over  the 
wavelength  range  from  650  to  200  nm  (1.8  to  6.2  eV)  using  a  Cary  14  dual  beam 
spectrophotometer  interfaced  to  a  microcomputer  with  an  unimplanted  sample  in  the  reference 
beam.  Absorption  measurements  were  made  at  three  different  positions  on  the  sample;  scatter  in 
the  data  from  these  three  points  was  less  than  +  5%.  The  absorption  spectrum  exhibits  a  peak  at 
2.2  eV  (the  solid  curve  in  Fig.  2)  which  can  be  attributed  to  the  Cu  surface  plasmon  resonance. 
The  ratio  of  plasmon  peak  to  background  is  preparation  dependent.8  A  significant  rise  (and  in 
some  cases,  a  peak)  in  absorption  near  5  eV  is  due  to  ion-beam-induced  radiation  damage,  in 
particular  the  formation  of  the  E’  and  B2  electronic  defects;  there  is  also  probably  a  contribution 
from  plasmon  formation.9 


The  nonlinear  index  of  refraction  n2  is  defined  in  terms  of  the  ordinary  linear  index  no  and  the 
(complex)  third-order  nonlinear  dielectric  susceptibility  by: 


n  =  nQ  +  y- 1 ,  7  =  4^  10'8-Re[x<3) 

3n0 


a) 
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where  nQ  is  the  linear  index  of  refraction  and  I  is  the  laser  intensity.  The  nonlinear  index  of 
refraction  was  measured  with  the  Z-scan  method  in  an  optical  set-up  described  by  Becker  et  c/..10 


The  light  source  was  a  5.5  ps,  cavity-dumped  tunable  dye  laser  with  a  3.8  MHz  pulse 
repetition  rate  and  100  mW  average  power.  Peak  irradiance  of  the  dye  laser  near  the  top  of  its 
tuning  curve  is  -  2-109  W-cnv2.  A  1-mm  thick  sample  of  CS2  was  used  as  a  reference  for 
calibrating  the  Z-scan  and  our  sample.  The  laser  intensity  in  the  Cu-implanted  layer  was  varied  by 
translating  the  sample  through  the  focal  plane  of  a  150-mm  lens  on  a  computer-controlled 
translation  stage.  The  sample  acts  as  a  second  lens  in  series,  having  an  intensity-dependent  focal 
length.  The  transmitted  laser  intensity  was  monitored  by  a  power  meter  located  behind  a  beam- 
limiting  aperture  90  cm  from  the  focal  plane,  normalized  to  the  signal  from  a  beamsplitter  placed 
before  the  focusing  lens.  For  a  material  with  a  positive  nonlinear  index  of  refraction,  moving  the 
sample  toward,  and  then  away,  from  the  focal  plane  causes  an  initial  decrease  in  the  normalized 
far-field  intensity,  followed  by  a  recovery  to  unity  at  the  focal  plane  and  a  subsequent  increase  in 
intensity. 


Typical  Z-scan  plots  for  our  picosecond  measurements  have  been  shown  elsewhere.6  The 
analysis  we  use  is  based  on  paraxial  optical  ray-tracing  for  the  equivalent  two-lens  system,  and  is 
described  in  detail  in  a  forthcoming  publication.11  For  a  thin,  highly  absorbing  layer  embedded  in 
a  transparent  dielectric,  the  intensity-dependent  part  of  the  refractive  index  y=  An/I  is 


Y  = 


^max  ^tnin 

Imax  I  • 
max  min 


ZcJoL1 


(2) 


where  Imax  and  Imin  are  the  maximum  and  minimum  intensities  recorded  in  the  Z-scan;  Iq  is  the 
laser  peak  intensity  at  the  focal  spot,  rD  is  the  radius  of  the  Gaussian  beam  profile-at  the  focal 
plane,  L  is  the  thickness  of  the  implanted  layer,  and  Zq  is  the  diffraction  length. 
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Figure  2  shows  the  results  of  Z-scan  measurements  at  several  wavelengths  between  570  and 
600  nm  -  near  the  2.2  eV  absorption  peak  in  the  spectrum  of  the  samples.  The  data  are  values  of 
Relx^]  which  were  extracted  from  the  Z-scan  measurements  of  y.  and  are  of  order  of  10*8  esu. 
The  fact  that  exhibits  a  maximum  around  570  nm  supports  the  idea  that  excitation  of  the 
surface  plasmon  resonance  is  responsible  for  the  third-order  nonlinearity.  These  values  for  the 

i 

nonlinear  index  are  much  smaller  than  the  thermo-optic  nonlinear  susceptibility  of  x@)  ~  10"6  esu 
reported  earlier  for  100  ps  FWHM  laser  pulses  at  532  nm.12  This  is  because  at  5.5  ps  pulse 
length,  only  fast  electronic  effects  of  the  Kerr  type  contribute  to  while  at  100  ps  pulse  length, 
the  high  absorption  of  the  sample  (a  ~  104  env1)  leads  to  thermal  self  focusing. 

Both  the  magnitude  and  the  enhancement  of  X^  in  Cursilica  resemble  the  measurements  of 
Im[x(3)]  previously  carried  out  on  gold  colloids  in  ruby-gold  glass  and  in  aqueous  solution.  The 
major  contribution  to  this  electronic  Kerr-type  nonlinearity  in  Au  has  been  shown  to  arise  from 
photoexcitation  of  electrons  in  the  conduction  band  owing  to  the  weak  specific  heat  and  consequent 
ease  of  raising  these  electrons  to  temperatures  of  many  hundreds  of  degrees.1  Transient 
thermoreflectance  spectroscopy  on  a  400-nm-thick  evaporated  Cu  film  shows  that  this  same  hot- 
electron  contribution  should  be  effective  in  Cu  clusters,  because  several  electron-lattice  collisions 
are  required  to  thermalize  the  incident  photon  energy  in  that  material  also.13  In  addition, 
following  the  analogy  with  the  Au  clusters,  we  expect  an  interband  contribution  to  the  nonlinear 
susceptibility  arising  from  the  photoexcitation  of  electrons  from  the  d-band  near  theX  point  of  the 
Brillouin  zone  to  the  p-conduction-band  states  near  the  Fermi  energy.  The  magnitude  of  this 
contribution  to  %&)  in  gold  is  largely  imaginary  and  of  order  21 0'8  esu  -  close  to  the  values  of 
Refx^J  measured  in  our  present  experiment.  It  is  anticipated  that  there  should  be  no  quantum  size 
effect  observed  for  the  broad  distribution  of  relatively  large  nanoclusters  in  our  sample,  since  those 
effects  are  likely  to  be  seen  only  for  clusters  smaller  than  2-3  nm  in  diameter. 
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The  exact  relationships  between  yO)  or  y  and  such  materials-preparation  parameters  as  total 
implantation  dose,  current  density  and  temperature  are  currently  under  investigation.  It  appears 
that  these  parameters  determine  both  the  cluster  size  and  cluster  size  distribution.  By  controlling 
the  cluster  properties,  it  may  be  possible  to  tailor  the  optical  properties  for  specific  applications  in 
optical  waveguides  and  other  devices,  as  well  as  to  enhance  the  nonlinear  optical  response.  The 
possibility  of  controlling  the  characteristics  of  nanoclusters  through  the  ion  implantation  process  is 
particularly  intriguing  in  light  of  predictions  of  large  enhancements  in  the  third-order  nonlinearity 
for  metal-dielectric  composite  structures  created  in  a  nonlinear  host  matrix. 3 

In  summary,  we  have  shown  that  it  is  possible  to  embed  metallic  Cu  clusters  in  fused  silica 
using  ion-implantation  procedures  compatible  with  microelectronics  processing  techniques  to  create 
a  novel  nonlinear  composite  material.  The  ion  implanted  layers  exhibit  an  electronic  nonlinear 
susceptibility  x@)  of  the  Kerr  type;  the  measured  nonlinear  refractive  index  is  y~  1010  cm^-W'1, 
comparable  to  values  for  II-VI  semiconductor  nanocrystallites.14  As  we  have  shown  elsewhere, 
the  mean  size  and  size  distribution  of  the  clusters  can  be  controlled  by  varying  ion  implantation 
parameters.  Thus,  using  the  ion-implantation  technique,  it  should  be  possible  to  fabricate  metallic 
nanoclusters  in  a  variety  of  interesting  geometries  and  at  a  volumetric  density  compatible  with 
silica-based  optoelectronic  device  technology. 
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FIGURE  CAPTIONS 


Figure  1.  Bright-field  TEM  image  of  metallic  Cu  nanoclusters  formed  by 
ion  implantation  in  fused  silica.  The  sample  was  implanted  to  a  dose  of 
1.2-1CM7  ions-cnr2.  Insert:  Electron  diffraction  image  of  the  ring  pattern 
characteristic  of  face-centered  cubic  copper  in  the  ion-imp1  ^nted  layer. 

Figure  2.  Measured  values  of  %(3)  for  the  sample  shown  in  Figure  (la), 
superimposed  on  a  section  of  the  absorption  spectrum  for  the  sample,  shown 
in  units  of  extinction  coefficient  per  ion. 
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FIGURE  CAPTIONS 


Figure  1.  Bright-field  TEM  image  of  metallic  Cu  nanoclusters  formed  by 
ion  implantation  in  fused  silica.  The  sample  was  implanted  to  a  dose  of 
I.2-1CF7  ions-cm'2.  Insert:  Electron  diffraction  image  of  the  ring  pattern 
characteristic  of  face-centered  cubic  copper  in  the  ion-implanted  layer. 
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Ultraviolet  laser  ablation  of  halides  and  oxides  * 
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We  compare  and  contrast  recent  measurements  of  the  behavior  of  ions  and  excited  ions  desorbed  from  samples  of  alkali  halides 
and  oxide  ferroelectrics  by  an  excimer  laser  at  308  nm  wavelength.  At  the  intensities  used  in  these  experiments,  the  density  of  local 
electronic  excitation  is  low  in  the  halides  and  high  in  the  ferroelectrics,  corresponding  to  two-  and  one-photon  band-to-band 
transitions,  respectively.  The  observed  desorption  yields  and  changes  in  the  sample  surfaces  are  discussed  in  terms  of  the  density  of 
electronic  excitation,  the  relative  strengths  of  electron-lattice  coupling,  and  the  role  of  thermal  relaxation  processes  in  the  two 
materials 


1.  Introduction 

Ultraviolet  laser  ablation  is  the  basis  for  an  increas¬ 
ingly  significant  area  of  materials  processing  technolo¬ 
gies,  including  lithography,  patterning,  marking,  micro¬ 
machining,  and  thin-film  growth  [1].  In  many  of  these 
applications,  laser  ablation  may  be  either  a  competitor 
for  or  a  complement  to  traditional  ion-beam  tech-  * 
niques.  However,  in  spite  of  the  scientific  and  techno¬ 
logical  importance  of  this  process,  relatively  little  re¬ 
search  has  been  devoted  to  microphysical  mechanisms 
of  laser-induced  desorption  and  ablation  from  insula¬ 
tors  [2],  The  paucity  of  data  on  fundamental  mecha¬ 
nisms  of  laser  ablation  in  insulators  is  partly  due  to  the 
difficulty  of  characterizing  the  state  of  a  dielectric 
surface  before  and  after  ablation,  and  contrasts  starkly 
with  the  plethora  of  work  on  desorption  of  molecules 
adsorbed  on  metal  and  semiconductor  surfaces  {3]. 

Laser  ablation  or  laser  sputtering  of  surfaces  evinces 
both  contrasts  with  and  similarities  to  collisional  sput¬ 
tering.  In  laser* ablation,  energy  deposition  occurs  by 
electronic  excitation,  whereas  in  collisional  sputtering, 
both  collision  cascades  and  local  electronic  excitation 
absorb  the  incident  ion  energy.  Nuclear  motion  leading 
to  particle  emission  occurs  in  ion  sputtering  primarily 
by  momentum  transfer,  but  in  laser  ablation,  by  elec¬ 
tron-lattice  coupling  subsequent  to  the  initial  elec- 


*  This  research  was  partially  supported  by  the  North  Atlantic 
Treaty  Organization  and  by  the  Office  of  Naval  Research 
through  the  Free-Electron  Laser  Program  in  Biomedical 
and  Materials  Research. 


tronic  excitation.  The  dynamics  of  particle  emission 
varies  with  local  density  of  electronic  excitation  and 
with  electron-lattice  coupling  strength  [4], 

In  this  paper,  we  present  recent  results  on  laser 
ablation  of  an  alkali  halide  (KC1)  and  an  oxide  ferro¬ 
electric  (KNbOj).  Our  motivation  is  both  technological 
and  scientific:  In  optical  technology,  halides  and  other 
ionic  compounds  are  widely  used  as  optical  compo¬ 
nents,  while  the  oxide  ferroelectrics  are  used  as  nonlin¬ 
ear  optical  and  photonic  materials.  Laser-induced  ma¬ 
terial  degradation  is  a  major  issue  in  these  applica¬ 
tions.  Because  the  ferroelectrics  are  not  easily  ma¬ 
chined  or  chemically  etched,  there  is  also  interest  in 
laser-micromachining  of  these  materials  [5].  From  the 
perspective  of  optical  physics,  on  the  other  hand, 
halides  and  oxides  fall  in  the  strong  and  intermediate 
electron-lattice  coupling  regimes,  respectively.  Since 
the  excimer  laser  with  its  4  eV  photon  energy  induces 
band-to-band  excitation  by  two-  and  one-photon  exci¬ 
tation  in  the  halide  and  ferroelectric  materials,  respec¬ 
tively,  our  experiments  also  contrast  the  regimes  of  low 
and  high  absorption  and  electronic  excitation  density. 


2.  Experimental  details 

Single-crystal  targets  of  KCI  were  prepared  by 
cleaving  bulk  material  supplied  by  Harshaw.  KCI  ex¬ 
hibits  the  strongest  possible  electron-lattice  coupling, 
with  a  Phillips  ionicity  of  0.95.  KCI  has  a  band-gap 
energy  of  8  eV,  so  band-to-band  excitation  requires  a 
two-photon  transition.  Our  KNbOs  targets  were  grown 
from  a  melt  and  supplied  as  single  crystals  with  dimen- 
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alkali,  alkaline  earth  ami  Iran Mtion-inelul  elements.  at  an  angle  of  451-  to  tire  t.nee:  i,oim.,l.  imaged  the 

I’otassium  ntobatc  has  an  intei mediate  electron-lattice  ilnoreseence  onto  the  eiutsme  sin  e>t  a  Maepherson 

coupling,  consistent  with  ns  somewhat  more  covalent  218  spectrometer.  The  fluorescence  detector  was 

binding.  With  a  bandgap  of  4  cV,  electron-hole  pairs  a  photomultiplier  operated  in  pulse-height-analvsis 

can  be  created  by  single-photon  band-to-band  transi-  mode.  The  photomultiplier  current  was  summed  in  a 

tions  in  this  material.  boxcar  integrator  the  output  from  which  was  stored  in 

The  laser  ablation  experiments  described  here  were  a  Macintosh  microcomputer  for  each  laser  pulse.  Abia- 

carried  out  at  room  temperature  in  an  ultrahigh  vac-  tion  yields  were  computed  by  integrating  over  the 

uum  (UHV)  chamber  with  a  nominal  base  pressure  of  relevant  fluorescence  peak  and  subtracting  a  linear 

less  than  10~9  Torr.  Samples  of  KCI  and  KNb03  were  background, 

mounted  on  a  micromanipulator  and  placed  in  the 
chamber  with  the  surface  normal  to  the  beam  from  the 

exciting  laser.  3.  Experimental  results 

The  ablation  laser  was  a  Lumonics  Hyper-Ex  460- 

UB  laser  oscillator  with  a  nominal  pulse  width  of  15  ns  Fig.  1  shows  fluorescence  spectra  of  excited  atoms 

and  a  maximum  pulse  energy  of  250  mJ  for  a  standard  desorbed  from  KCI  in  the  red  and  blue  regions  of  the 

XeCI  gas  mature  (A  =  308  nm,  hv  =  4.02  eV).  The  spectrum.  Unlike  photon-stimulated  desorption  studies 

laser  was  focused  gently  onto  the  target  with  a  fused-  on  KCI  with  synchrotron  radiation,  we  observe  two 

silica  lens  of  40  cm  focal  length  located  just  outside  the  excited  states  of  K  and  one  excited  state  of  Cl.  The 

UHV  chamber,  to  produce  a  focal  spot  with  an  area  of  relative  yields  of  these  states  are  strongly  dependent  on 

some  3-4  mm2,  as  measured  by  burn  patterns.  This  the  condition  of  the  surface;  once  the  surface  has  been 

provided  peak  intensities  in  the  range  of  1013-3  X  1014  damaged  by  the  laser,  the  yield  of  the  K*  atoms  is 

Wm“2,  depending  on  the  discharge  voltage  selected  sharply  diminished.  Hence,  the  yield  of  K*  is  a  sensi- 

for  the  laser  oscillator.  While  the  relatiue  intensities  tive  diagnostic  for  the  decomposition  of  the  surface  by 

are  well  determined  in  this  experiment  through  the  use  metallization.  The  Cl*  yield,  on  the  other  hand,  con- 

of  a  calibrated  ultraviolet  calorimeter  (Scientech),  the  tinues  essentially  without  any  reduction  for  as  many  as 

absolute  intensity  might  well  be  in  doubt  by  as  much  as  several  thousand  shots  [6], 

a  factor  of  5,  depending  on  the  assumptions  one  makes  Fig.  2  shows  this  loss  of  intensity  in  the  K  *  yield 

about  the  temporal  and  spatial  profile  of  the  beam.  »  from  the  fluorescence  doublet  at  767  nm  as  a  function 
Fluorescence  from  ablated  excited  atoms  above  the  of  total  absorbed  photon  dose,  assuming  that  a  two- 


Wavelength  (nm)  Wavelength  (nm) 

Fig.  1.  (a)  Fluorescence  from  excited  Q  and  K  atoms  ablated  from  a  KCI  target  by  4  eV  laser  irradiation,  (b)  Doublet  fluorescence 
peaks  from  excited  K  atoms  ablated  from  a  KCI  sample  by  4  eV  laser  irradiation.  The  laser  intensity  is  of  order  3x  10,33  Wm-2. 

Adapted  from  ref.  (6) 


mary  mechanism  of  photon  absorption  (see  the  discus¬ 
sion  section).  The  maximum  dose  for  which  K*  yield  is 
observed  corresponds  to  some  200  laser  shots,  at  which 
point  one  assumes  that  the  surface  is  completely  dam¬ 
aged,  i.e.  nonstoichiometric.  For  comparison,  we  show 
a  yield-dose  curve  for  Li*  desorbed  from  LiF  by 
vacuum  ultraviolet  synchrotron  radiation  with  photons 
of  energy  22.5  eV.  Note  the  similar  behavior  as  a 
function  of  dose:  a  rise  from  a  low  level  to  a  rather 
broad  maximum,  and  then  a  gradual  decrease  to  near 
background  levels. 

Fig.  3  shows  a  fluorescence  spectrum  of  excited  Nb 
and  NbO  desorbed  from  Mg:KNb03.  The  vibrational  _ 
band  feature  has  been  tentatively  identified  as  NbO*, 
highlighting  the  fact  that  in  these  materials  ablation  of 
both  molecules  and  atoms  occurs.  In  laser-induced 


desorption  from  LiNbOj  below  the  threshold  for 
plasma  formation,  observed  by  quadrupole  mass  spec¬ 
trometry,  several  molecular  ions  and  neutrals  have  also 
been  observed,  including  the  metal  monoxide  NbO  and 
the  LiNbOj  molecule  [7].  In  the  spectrum  of  Fig.  3,  the 
resolution  is  insufficient  to  allow  the  extraction  of  a 
temperature  for  the  ablated  molecules.  However, 
molecular  emission  appears  to  be  a  distinctive  feature 
of  laser  ablation  from  oxides,  having  been  observed  not 
only  in  niobates,  but  also  in  the  high-Tc  perovskite 
superconductors. 

One  of  the  most  obvious  characteristics  of  laseT 
ablation  in  the  oxides  is  the  appearance  of  a  well-de¬ 
fined  fluence  threshold  for  desorption.  A  number  of 
examples  of  particle  emission  thresholds  under  differ¬ 
ent  conditions  are  given  elsewhere  (8]  A  threshold 
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Fig.  3.  (a)  Fluorescence  from  Nb*  atoms  and  NbO*  molecules  ablated  from  Mg-doped  KNbO,  by  an  XeG  laser,  (b)  Fluorescence 
from  K*  and  O*  ablated  from  Na-dopcd  KNb03  by  an  XcCI  laser.  The  laser  intensity  used  in  obtaining  both  spectra  was  of  order 


6x  1013  Wm~2.  Adapted  from  ref.  [8]. 


mea^utement  for  K”  and  O*  desotbcd  linni  dup-v! 
and  imdopcd  potassium  niobatc  is  shown  iii  lip.  -1.  1  hr 
laser  pulse  energy  at  threshold  -  30-4(1  mJ  -  coiic- 
sponds  to  fluences  of  order  1  Jem-2  and  inter,  es  of 
order  10“  Worn-2,  which  are  comparable  to  the 
threshold  values  for  lithium  niobate  [5],  The  existence 
of  the  threshold  clearly  indicates  that  one  is  not  in  the 
regime  where  the  yield  scales  linearly  with  the  density 
of  electron-hole  pairs.  This  is  in  sharp  contrast  to  the 
alkali  halides,  where  the  desorption  yield  at  low  inten¬ 
sities  is  proportional  to  the  density  of  laser-generated 
electron-hole  pairs  [9].  It  is  also  noteworthy  that  the 
doping  by  Mg,  in  this  case,  seems  to  have  little  effect 
on  the  ablation  thresholds.  This  is  surprising  in  view  of 
the  way  in  which  moderate  doping  of  Mg  in  LiNbOj 
has  been  shown  to  retard  photordYactive  damage  due 
to  prolongedll»fs«A  irradiation  visible  lip^&runv 

[10]. 

We  point  out  in  passing  that  the  apparently  similar 
slopes  of  the  K*  and  O*  ablation  yield  curves  -  of 
order  =  3  -  probably  do  not  reflect  a  common  physical 
origin  or  mechanism.  The  parent  state  of  the  observed 
O*  fluorescence  lies  some  12  eV  above  the  ground 
state.  This  suggests  that  the  O*  is  proportional  to 
ground-state  oxygen  atom  yield,  the  excited  state  being 
created  by  three-photon  excitation  or  by  hot-electron 
impact  in  the  ablation  plume  above  the  target. 

Still  another  important  contrast  between  laser  abla¬ 
tion  of  oxides  and  halides  relates  to  the  metallization 
of  the  surface.  When  we  measured  the  decrease  in 
yield  of  K*  as  a  function  of  laser  shot  number  in 
KNbO-,,  we  noted  that  the  excited  metal  signal  gradu- 
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Fig.  4.  Threshold  behavior  of  K*  and  O*  yields  from  pure 
(open  plot  symbols)  and  Mg-doped  KNb03  as  a  function  of 
laser  pulse  energy.  The  laser  focal  spot  was  held  constant,  so 
that  the  horizontal  axis  is  proportional  to  laser  intensity. 
Adapted  from  ref.  (8). 
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Fig.  5.  Rate  of  decrease  of  K*  atom  yield  during  laser 
ablation  of  a  KNb03  sample,  as  a  function  of  laser  pulse 
energy.  Each  datum  represents  an  average  of  the  slope 
—  dy(K*)/dA/  over  3X103  laser  shots  starting  with  a  fresh 
target  under  conditions  where  the  focal  spot  was  unchanged 
while  the  laser  intensity  was  varied. 


ally  disappeared  as  the  surface  is  damaged,  consistent 
with  the  picture  that  the  surface  is  metallized  and  the 
excited  atoms  are  ionized  by  resonant  charge  transfer 
as  the  excited  atomic  level  comes  in  resonance  with  the 
Fermi  level  of  metallic  clusters  on  the  surface.  How¬ 
ever,  in  the  oxtdes,  the  rate  at  which  this  occurs  with 
dose  or  shot  number  is  strongly  dependent  on  laser 
intensity. 

We  sought  to  quantify  this  effect  by  measuring  the 
rate  of  decrease  of  K*  yield  with  laser  shot  number, 
-dY(K*)/dN,  over  some  3X  103  shots,  at  different 
laser  pulse  energies,  beginning  each  trial  at  a  fresh 
spot.  In  Fig.  5  we  display  -dy(K*)/dM  as  a  function 
of  laser  pulse  energy.  The  strong  nonlinear  behavior 
indicates  that  at  higher  pulse  energies,  the  surface  is 
metallized  at  an  accelerated  rate.  Thus,  unlike  the 
alkali  halides,  the  nonstoichiometry  of  the  damaged 
laser  surface  depends  on  laser-induced  defects  as  well 
as  on  the  primary  process. 


4.  Discussion 

In  order  to  bring  out  most  clearly  the  similarities 
and  differences  in  the  laser  ablation  mechanisms  in  the 
halides  and  oxides,  we  shall  discuss  the  results  in  the 
following  order:  (1)  optical  response  of  halides  and 
oxides;  (2)  metallization  of  the  surface  as  the  primary 
electronic  effect  of  laser  ablation  in  halides  and  in 
oxides  due  to  expulsion  of  the  halogen  and  oxygen 
atoms  or  ions,  respectively;  and  (3)  the  correlation 


between  the  strength  of  the  electron-lattice  coupline 
and  the  characteiFtics  of  particle  emission.  In  both 
cases,  we  discuss  explicitly  the  role  played  by  density  of 
electronic  excitation  in  the  ablation  phenomenology;  in 
the  case  of  the  oxides,  we  also  point  out  the  effects  of 
thermal  relaxation. 

In  alkali  halides,  the  valence  band  is  formed  primar¬ 
ily  from  the  halogen  p-states,  and  the  conduction  band 
from  the  metallic  s-states.  In  the  case  of  KCI,  for 
example,  the  valence  band  arises  from  the  Cl(3p)  states 
and  the  conduction  band  from  the  K(4s)  states.  The 
fundamental  optical  response  of  this  material  involves 
a  transfer  of  charge  from  the  halogen  to  the  nearest- 
neighbor  alkali  [11].  The  same  kind  of  charge  transfer 
occurs  in  some  measure  for  all  ionic  materials.  Thus, 
for  the  perovskite  ferroelectric  KNbOj,  the  upper  va¬ 
lence  band  comprises  the  0(2p)  orbitals,  and  the  opti¬ 
cal  response  involves  primarily  charge  transfer  to  the 
Nb(4d)  states  [12].  T-S*»^The  initial  optical  response  of 
both  halide  and  oxide  materials  follow's  a  similar  elec¬ 
tronic  mechanism. 

Here,  however,  the  similarities  between  the  laser 
ablation  characteristics  of  the  two  materials  end.  Pho¬ 
ton-induced  decomposition  and  desorption  in  alkali 
halides  have  been  studied  extensively  for  one-photon 
band-to-band  transitions  initiated  by  synchrotron  radi¬ 
ation,  and  the  primary  mechanism  is  widely  agreed  to 
be  initiated  by  the  decay  of  the  self-trapped  exciton 
(STE)  into  an  F-center-H-center  pair.  The  dissociation 
of  the  H-center  (an  X2-  molecule)  near  the  surface 
produces  a  desorbing  X°  and  a  bound  X-,  while  the 
recombination  of  an  F-center  with  a  surface  alkali- 
metal  ion  leads  to  thermal  desorption  of  a  neutral 
alkali  atom,  usually  in  the  ground  state.  The  exact  role 
of  surface  metallization  in  the  production  of  excited 
alkali  atoms  is  still  unclear,  but  there  is  no  reason  to 
doubt  the  fundamental  correctness  of  this  picture. 

One  might  think  that  the  laser-induced  ablation 
mechanism  for  the  halides  would  be  fundamentally 
different  from  that  inferred  from  the  low-intensity  syn¬ 
chrotron  experiments,  where  the  photon  flux  is  only  of 
order  1012  photons/s  over  a  larger  beam  spot.  How¬ 
ever,  for  the  laser  parameters  in  our  experiments  with 
KCI,  with  peak  laser  intensities  of  order  10M  Wm~2, 
the  local  density  of  electronic  excitation  is  low  because 
creation  of  the  self-trapped  exciton  whose  decay  initi¬ 
ates  the  expulsion  of  a  halogen  atom  requires  a  two- 
photon  excitation. 

The  probability  of  a  two-photon  transition  may  be 
estimated  using  a  simple  physical  picture  [13],  The 
intensity  /  of  the  laser  in  a  unit  cell  of  material  with 
volume  V  =  L?  for  a  laser  wavelength  A  is  just 

energy/photon  1  he/ A  1 

/= - - - x - —m - -r — (1) 

transit  time  area  L/(c/n)  Lr 


where  ns  Is  the  mean  p!,.  cumber  d  n  v  the 
index  ot  refraction.  Hence. 

nlV A 

(2) 

Assuming  that  the  laser  photons  obey  Poisson  statis¬ 
tics,  the  probability  of  n  photons  being  simultaneously 
in  a  volume  of  space  having  an  average  photon  occupa¬ 
tion  number  m  is 

mn  m" 

=  m<&n-  (3) 

where  m  is  given  by  eq.  (2).  For  KCI  and  an  XeCI 
laser,  band-to-band  excitation  requires  n  —  2,  and,  for 
a  laser  with  the  intensity  typical  of  the  KCI  experi¬ 
ments  and  a  unit  cell  on  a  side,  [14]  we  find  3-2. 

P2  =  10“7.  Thus,  even  at  the  highest  laser  intensities 
used  in  these  experiments,  the  density  of  electronic 
excitation  remains  low  in  KCI;  to  reach  high  excitation 
density,  say,  P2  =  10~\  one  would  have  to  increase  the 
laser  intensity  by  four  or  h  '■s  of  magnitude! 

Therefore,  at  low  excitation  density  and  in  solids 
with  strong  electron-lattice  coupling,  we  should  expect 
to  see  only  ablation  of  ions  and  atoms  just  as  in  the 
case  of  photon-stimulated  desorption  initiated  by  sin¬ 
gle-photon  band-to-band  transitions  [15].  In  this  work, 
it  was  demonstrated  that  progressive  radiation  damage 
eventually  extinguishes  the  K*  emission  from  excited 
atoms,  probably  by  resonant  ionization  a:  the  Fermi 
level  of  the  metallized  surface  rises  into  the  insulator 
band  gap.  Indeed,  as  shown  in  fig.  2,  the  desorption 
yield,  when  scaled  as  a  function  of  absorbed  photon 
dose  required  to  produce  the  band-to-band  transition, 
is  qualitatively  similar  for  both  laser  and  vacuum-ultra¬ 
violet  irradiation  of  alkali  halides.  The  difference  in 
total  required  dose  between  the  two  cases  -  approxi¬ 
mately  an  order  of  magnitude  when  corrected  for  the 
finite  reflectivity  of  the  surface  -  may  reflect  the  change 
in  absorption  for  the  laser  photons  once  the  surface 
begins  to  decompose.  Such  a  change  in  sing/e-photon 
absorption  would  signal  the  onset  of  a  regime  in  which 
ablation  yield  is  a  strong  nonlinear  function  of  laser 
fluence  or  intensity. 

In  the  niobates,  laser  ablation  appears  to  result 
from  a  mixture  of  electronic  and  thermal  effects,  possi¬ 
bly  changing  from  electronic  to  thermal  within  the 
same  laser  pulse.  As  long  as  the  laser  fluence  remains 
below  the  threshold  for  plasma  ignition,  the  primary 
process  of  particle  ejection  in  the  niobates,  as  in  the 
alkali  halides,  is  the  energetic  expulsion  of  the  non- 
metallic  component  of  the  compound,  in  this  case 
oxygen.  In  LiNb03,  for  example,  measurements  of 
Nb+  and  0+  yields  before  and  after  subthreshold  laser 
irradiation  show  a  depletion  of  O  ions  in  the  ablation 
pit;  scanning  electron  microscopy  confirms  that  there  is 
melting  and  refreezing  subsequent  to  laser  irradiation. 
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typical  of  a  partly  metallic  ovcilayci  [7,8].  At  low 
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behavior  ot  LiNbO-,  as  a  guide,  the  initial  band-to-band 
excitation  transfers  electronic  charge  to  the  Nb  ions, 
creating  Nb4  +  small  polarons  [16].  These  small  po- 
larons  cause  localized  distortions  in  an  ionic  lattice 
which  are  sufficient  to  initiate  nuclear  motion  in  a 
lattice  as  near  the  edge  of  stability  as  a  ferroelectric. 
Once  such  an  Nb-polaron  reaches  an  alkali  site,  there 
is  little  resistance  to  further  motion  because  of  the 
soft-mode  relaxation  of  the  lattice  [16],  When  this 
happens  near  the  surface,  particle  emission  begins. 

As  more  and  more  laser  energy  is  absorbed  by 
band-to-band  transitions,  the  relaxation  by  electron- 
lattice  coupling  heats  the  crystal,  increasing  the  optical 
absorption  [17]  and  initiating  the  nonlinear  process  of 
ablation.  At  these  higher  fluences,  thermal  effects 
dominate  the  process,  and  indeed,  there  is  evidence 
from  the  shape  of  yield  vs  intensity  curves  for  KNb03 
that  melting  occurs  for  laser  pulse  energies  in  the 
range  of  80-100  mJ  [8],  The  changing  balance  between 
the  thermal  and  electronic  ablation  processes  can  be 
inferred  from  "the  measurements  of  —  CY(K*)/dN 
shown  in  fig.  5.  This  measurement  mokes  -it  clear  that 
CldoHcj  the  nonlinear  destruction  of  the  surface  is  dramatically 
hastened  once  the  laser  fluence  exceeds  a  level  of 
approximately  3-5  Jem-2. 

Another  contrast  between  halides  and  oxides  is  that 
in  the  former,  we  observe  only  atomic  and  ionic  emis¬ 
sion  at  these  fluences,  while  in  the  latter,  neutral  * 
molecules  and  molecular  ions  are  also  ablated. 
Ttowjfoahe-amouftt-of-stt^^  available  is  nor 

Ova&bcimtng,  ©ne  could  argue  that  molecular  emis¬ 
sion  requires  the  participation  of  at  least  the  nearest 
neighbors  in  the  lattice  during  particle  emission,  and 
that  this  should  be  a  general  phenomenon  in  solids 
which  have  moderate-to-weak  electron-lattice  cou¬ 
pling.  For  e^ample,y%3bfi<yojfljleici/.'  jfbl/jtiftn/ctipeFf 
emission  of  vibrationally  excited,  but 
translationally  cold,  AlO  was  observed  in  ultraviolet 
laser  ablation  of  A1203  [18]. 


5.  Conclusions 


We  have  measured  the  ultraviolet  laser  ablation 
yields  from  KQ  and  KNbOj  for  a  photon  energy  of  4 
eV  over  a  range  of  intensities  up  to  3  X  10 14  Wm-2. 
The  two  samples  studied  represent  materials  with 
strong  and  intermediate  electron-lattice  coupling,  re¬ 
spectively,  afrd-exhibit  differing  physical  mechanisms 
featfmg  to  nuclear  motion  and-particle  emission.  The 
wtpcrimental  evidence  suggests  that~Jhe  laser  ablation 
mechanism  observed  in  the  KCI  experiments  at  low 
electronic  excitation  density^gfr.^1  least  in  its  initial 

to  WeJ* 


'-tapes,  the  same  as  that  lourui  m  -. .naimi  ultraviolet 


by  its  decay  into  F-H-center  pairs.  Only  ions  and 
atoms  are  observed  as  ablation  products  In  the  oxide 
material,  on  the  other  hand,  the  reduced  electron- 
lattice  coupling  strength  leads  to  molecule  emission, 
while  the  high  local  density  of  electronic  excitation 
produces  a  nonlinear  dependence  of  the  surface  metal¬ 
lization  rate.  Both  of  these  features  are  evidence  for 
the  role  of  laser-induced  electronic  defects  in  the  abla¬ 
tion  process,  even  at  the  highest  laser  intensitiesjOtrtere— 
IhgGhal  effects-apparently-dominate.  ■ 
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ABSTRACT 

We  have  investigated  laser  ablation  of  molecular  ions  from  the  ferroelectric  LiNb03  at  532,  355 
and  266  nm,  comparing  the  effects  of  changing  wavelength  and  intensity.  The  time-of-flight 
spectra  show  great  sensitivity  to  the  onset  of  plasma  formation.  Just  below  the  plasma  formation 
threshold,  production  of  the  monomer,  dimer  and  tritner  negative  molecular  ions  were  observed. 
Possible  implications  for  thin-film  deposition  processing  are  discussed. 


Introduction  and  Motivation 


Laser  ablation  is  the  basis  for  a  number  of  thin-film  growth,  interconnect 
and  waveguide  processing  technologies.!  1]  In  many  of  these  applications,  laser 
ablation  may  be  compete  with  or  complement  traditional  ion-beam  techniques 
such  as  ion-beam  sputtering  and  rf  sputter  deposition.  However,  in  spite  of  the 
scientific  and  technological  importance  of  laser-ablation  thin-film  deposition, 
relatively  little  research  has  been  devoted  to  microscopic  physical  mechanisms  of 
laser  ablation  from  ferroelectrics,  and  there  exist  almost  no  studies  correlating 
the  parameters  of  laser  ablation  to  quality  of  film  growth.[2] 

We  have  recently  shown  in  studies  of  uv  laser  ablation  from  LiNb03  [3]  and 
KNbC>3  [4]  that  molecules  are  desorbed  intact  at  low  fluences.  The  ability  to 
deposit  molecules  or  molecular  clusters  may  have  important  implications  for  the 
growth  of  uniform,  dense  thin  films  on  appropriate  substrates.  In  this  paper,  we 
present  studies  of  laser  ablation  of  molecular  ions  and  clusters  from  LiNbC>3. 
Our  motivation  is  both  technological  and  scientific:  In  thin-film  growth,  one 
wants  to  identify  the  regime  of  laser  ablation  which  produces  the  most  uniform 
possible  thin-film  deposition  of  these  materials.  From  the  perspective  of  optical 
physics,  on  the  other  hand,  we  are  interested  in  the  ablation  mechanism  as  changes 
in  laser  wavelength  and  intensity  move  us  from  low  to  high  optical  absorption  and 
local  density  of  electronic  excitation. 


Experimental  Apparatus  and  Measurements 

The  experimental  setup  is  shown  schematically  in  Figure  1.  Samples  of  Y- 
cut  LiNbC>3  crystals  from  Crystal  Technology  were  mounted  in  an  vacuum 
chamber  with  a  base  pressure  of  10'9  torr  provided  by  a  Balzers  turbomolec-ular 
pump.  The  ablating  laser  was  a  Quanta-Ray  Nd:YAG  DCR-2A  oscillator- 
amplifier,  with  an  harmonic  generator-separator  combination  producing  intense 
pulses  at  the  second  (532  nm),  third  (355  nm)  and  fourth  (266  nm)  harmonics  of 
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liie  infrared  lundamemal  wavelength  (1064  nm).  'l'he  pulse  length  varies  slightly 
for  the  three  harmonics,  ranging  from  6  ns  at  532  nm  to  about  4  ns  FVVHM  at  266 
nm.  The  laser  spot  wa-  annular  with  inner  and  oute;  dian  n  n  >4  4.0  and  7.5 
mm,  respectively;  more  than  95%  of  the  laser  light  is  concentrated  in  an  area  of 
approximately  0.3  cm2.  In  some  cases,  the  laser  light  was  focused  onto  the  target 
at  normal  incidence  by  a  50-cm  focal  length  lens  to  form  a  focal  spot  which  varied 
according  to  the  distance  between  lens  and  target. 


Positive  and  negative  ions  desorbed  from  the  surface  were  accelerated  to  an 
energy  of  up  to  2.5  keV,  traversed  an  85-cm  field-free  drift  tube,  and  were 
stopped  in  an  aluminum  foil.  Secondary  electrons  from  the  stopped  ions  were 
detected  in  a  Johnston  multiplier  structure.  Single-shot  spectra  were  recorded  for 
the  most  part  using  a  Hewlett-Packard  52401 A  digitizing  oscilloscope.  The  time- 
of-flight  spectra  were  precisely  calibrated  on  a  Tektronix  RTD720  real-time- 
digitizer  using  both  the  Li+  ion  from  lithium  niobate  (coming  3.7  ps  after  the 
zero-time  start  signal)  and  K+  from  pure  KI  crystals  (8.66  ps).  The  mass 
identification  was  corroborated  by  checking  the  isotope  flight  times  and  relative 
abundances  for  these  two  elements. 


Figure  1.  Apparatus  for  uv  laser  ablation  measurements. 

Figures  2  and  3  show  typical  time-of-flight  (ToF)  spectra  obtained  by 
recording  the  output  of  the  Johnston  multiplier  for  a  single  laser  pulse.  The 
positive  ion  spectra  frequently  showed  K+  ions,  apparently  stemming  from 
surface  contamination  of  the  sample.  The  spectral  feature  with  regularly  spaced 
peaks  around  mass  224  a.m.u.  (22  ps)  appears  to  be  due  to  niobium  oxide  clusters; 
the  peak  corresponds  to  Nb205+,  the  maximally  valent  niobium-oxide  compound. 
The  spacing  of  the  peaks  corresponds  to  a  mass  difference  of  16.1  a.m.u.  These 
clusters  may  also  come  from  oxygen  clusters  breaking  up  from  a  parent  cluster  in 
the  ToF  tube.  We  observed  some  differences  between  the  positive-ion  spectra 
taken  at  different  ablation  wavelengths.  For  example,  for  the  third  harmonic  at  X 
=  355  nm,  the  cluster  peaks  below  mass  224  are  suppressed  and  a  strong  Nb20+ 
peak  appears  at  19.9  ps. 
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in  the  negative-ion  spectra,  the  electrons  provide  the  zen  tune"  signal,  and 
are  also  an  important  indicator  ol' the  onset  ui  plasma  iotmaiion  at  higher  laser 
intensities,  The  most  notable  feature  oi  the  negative-ion  d'ol;  spectra  is  the 
appearance  of  (LiNb03)~  dimers  and  trimers,  altliough  tliere  is  also  a  strong  O 
peak  at  about  6  ps.  This  identification  of  the  lithium  niobate  molecular-ion 
clusters  is  confirmed  by  verifying  that  the  time  oi  arrival  goes  up  as  the  square 
root  of  the  mass  ratio.  Interestingly,  the  dimer  and  trimer  peaks  are  most 
pronounced  in  the  266  nm  ablation,  and  appear  as  well-defined  peaks  only  at  the 
lowest  fluences  for  355  nm  ablation. 


Figure  2.  Positive-ion  time-of-flight 
spectrum  from  266-nm  laser  ablation 
of  LiNb03.  The  vertical  scale  is  5  mV 
per  division;  the  horizontal  scale  is  5  ps 
per  division. 


g  Trimer 

Dimer 
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Figure  3.  Negative-ion  time-of-flight 
spectrum  from  266-nm  laser  ablation 
of  LiNbC>3.  As  in  Fig.  2,  the  vertical 
scale  is  5  mV/division;  the  horizontal 
scale  is  5  ps/division. 


The  optical  response  and  the  character  of  the  laser  ablation  can  be  expected  to 
change  based  on  the  relationship  between  laser  wavelength  and  optical  gap.  As 
shown  schematically  in  Figure  4,  the  bulk  conduction-band  edge  of  LiNbC>3  lies 
almost  exactly  4  eV  above  the  bulk  valence-band  edge;  the  cross-hatched  region 
below  the  band  edge  indicates  the  energy  levels  of  excitons,  impurities  and 
possible  surface  states.  It  is  clear  from  this  diagram  that  the  532-nm  light  induces 


Intensity  (MW/cm**2) 


Figure  4.  Energy  level  diagram  for  Figure  5.  Yield  of  LiNb03*  vs.  laser 
laser  ablation  at  the  three  wavelengths  intensity  for  wavelengths  of  266,  355 
used  in  these  experiments.  and  532  nm. 
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inlyrbaud  ii.msiihms  only  by  i\v ■<  »-j  >h*  non  iwe  nation,  win  it-  t  i  it-  i.X''  nm  light  may 
cause  electronic  transitions  leading  to  ablation  by  exitation  ol  surface  states  or 
defects  are  th-  '~V>6  nm  light  prodiv  ■■  -  ’  tr:  -  •  -  K"  a.  sinnlr-photon 

c xt nation,  l  . .  1  e<td s  u ,%  it)  t » i t  t  \ j *e v  i , . t . \ .■  1 j .  i > o 1 1 1 c  t  , . .  i * i  *  e.  i . , e  _  .  that  i 1 1 ■. 

thresholds  and  intensity  dependence  of  the  ablation  yields  will  varyfor  the  three 
wavelengths.  Note  in  particular  the  lough  tunelatio,,  between  the  intensity 
dependence  ol  the  yields  lor  the  l\vo-])hoton-induced  laser  ablation  at  532  nm  and 
the  single-photon  laser  ablation  case  at  266  nm. 

In  Figure  6,  we  compare  the  time-of -flight  spectra  lor  the  negative  ions 
recorded  at  all  three  laser  wavelengths  at  low,  intermediate  and  high  intensities. 
The  broadening  of  the  electron  pulse  and  the  other  (LiNb03)n‘  peaks  is  quite 
pronounced  as  the  intensity  increases,  indicating  the  onset  of  plasma  formation. 
Moreover,  above  the  threshold  for  plasma  formation,  the  monomer,  dimer  and 
trimer  peaks  all  begin  to  show  contributions  from  both  fast-  and  slow-velocity 
components.  This  probably  indicates  two  distinct  ablation  mechanisms  at  work  at 
the  highest  intensities,  one  related  to  plasma  processes  and  one  arising  directly 
from  the  laser-surface  interaction.  The  other  feature  of  the  negative-ion  spectra 
indicating  wavelength-specific  electronic  effects  is  the  changing  behavior  of  the 
O’  peak  as  a  function  of  ablating  laser  wavelength.  No  convincing  evidence  for 
O2'  ablation  was  seen. 


Figure  6.  Comparison  of  negative  ion  spectra  from  lithium  niobate  at  laser 
wavelengths  of  532,  355  and  266  nm  (left  to  right)  and  at  low,  moderate  and 
high  intensities  (top  to  bottom).  Vertical  and  horizontal  scales  are  the  same  in 
all  the  spectra;  peaks  of  interest  are  identified. _ 
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'  1ti)!h  flu'  negative  ion  spectta.  the  iv^t  !vj  ■  .  •  i  f  oiWn>  arc  those 

formed  lor  ultraviolet  laser  ablation  (2(>0  niiii.  There  one  lias  significant  yield 
even  at  low  laser  fluences,  and  the  complications  of  other  atomic  species  or  the 
problems  of  broad  velocity  groups  seem  to  lx'  the  least  noticeable. 


Discussion:  Mechanisms  of  Ablation 


In  laser  ablation  by  nanosecond  pulses,  the  energy  of  the  incident  photons  is 
deposited  by  electronic  excitation;  nuclear  motion  leading  to  particle  emission 
occurs  by  electron-lattice  relaxation  following  the  initial  excitation.  'Hie  details 
of  this  nuclear  motion  vary  with  local  density  of  electronic  excitation  as  well  as 
with  the  electron-lattice  coupling.! 5]  In  ferroelectrics,  the  previous  laser 
irradiation  history  of  the  surface  also  changes  the  ablation  yield  characteristics, 
probably  due  to  formation  of  color  centers  and/or  other  long-lived  electronic 
defects.  It  is  important  to  bear  in  mind  that,  for  nanosecond  pulses,  both  the 
relaxation  processes  and  the  formation  of  electronic  defects  can  occur  before  the 
exciting  laser  pulses  is  over. 

The  characteristic  features  of  laser  ablation  from  specific  materials  are 
intimately  connected  to  the  relative  energies  of  laser  photons  and  the  bulk  band- 
gap  energy.  Lithium  niobate  is  a  ilmenite  structure  with  about  one-third  metal¬ 
ion  vacancies. [6]  The  valence  band  of  LiNbC>3  is  formed  principally  from  the  2p 
orbitals  of  the  oxygen  ions;  the  conduction  band  is  made  up  primarily  of  the  Li 
and  Nb  orbitals.  Both  the  linear  and  nonlinear  optical  response  of  the  materials  is 
primarily  interatomic.  [71  Below  the  threshold  for  plasma  formation,  particle 
emission  results  indirectly  from  the  creation  of  holes  on  the  oxygen  ions  and  the 
consequent  transfer  of  electronic  charge  to  the  metal  ions.  The  initial  band-to- 
band  excitation  transfers  electronic  charge  to  the  Nb  ions,  creating  creating  Nb4+ 
small  polarons.18]  These  small  polarons  cause  localized  distortions  in  an  ionic 
lattice,  distortions  which  are  sufficient  to  initiate  nuclear  motion  and  provide  the 
driving  force  for  the  initial  ionic  motion  and,  ultimately,  particle  ejection  from 
the  surface. 

In  our  experiments,  the  local  density  of  electron-hole  (e-h)  pairs  is  low  for 
532-nm  irradiation,  because  the  probability  for  two-photon  band-to-band 
transitions  is  of  order  10~8  and  only  a  relatively  small  fraction  of  the  surface  and 
near-surface  ions  are  affected  by  laser  irradiation,  at  least  in  the  early  stages.  The 
local  density  of  e-h  pairs  is  modest  for  355  nm  irradiation,  since  it  can  only  excite 
surface  or  defect  states;  however,  the  efficiency  for  desorption  may  be  high  in  this 
case  precisely  because  so  many  of  the  photoabsorption  events  occur  in  the  near¬ 
surface  region.  Finally,  the  local  density  of  e-h  pairs  is  high  for  266  nm 
irradiation,  because  the  probably  for  e-h  pair  creation  is  essentially  unity. 

As  more  and  more  laser  energy  is  absorbed  by  one-  or  two-photon  band-to- 
band  transitions,  relaxation  by  electron-lattice  coupling  and  absorption  by  laser- 
induced  defect  centers  heats  the  crystal,  increasing  the  optical  absorption  [9]  and 
initiating  the  nonlinear  process  of  ablation  [10].  At  these  higher  fluences,  thermal 
effects  dominate  the  process  and,  as  we  have  shown  for  KNb03,  catastrophic 
destruction  of  the  surface  proceeds  rapidly.  At  this  point  in  the  laser  ablation 
process,  the  rubric  "thermal"  is  usually  applied  and  may  well  be  justified. 


■Iknvever,  ii  is  essential  to  realize  that,  even  in  t!  1  i n  ea#.  signil icant  electronic 
inti iienocs  remain  IVoni  tlu-  earliest  stae.es  <>t  laser  an  lation.  as  si m >wn  In'  the 
different  yield 

With  respect  to  thin-fdw  deposition  of  lithium  niobav.  the  identification  of  the 
ablation  characteristics  producing  a  preponderance  oi  molecular  clusters  is  of 
particular  interest,  'lliese  could,  for  example,  be  mass  selected  to  generate  a  beam 
of  LiNbCh  clusters  for  subsequent  "cluster  assembly"  of  the  thin  film,  a  process 
which  has  been  shown  already  to  pioduce  superioi  results  in  many  thin-film 
fabrication  processes.  Another  possible  application  is  in  the  area  of  optical 
interconnect  technology,  where  one  wishes  to  attach  oxide  fibers  to  LiNbC>3 
waveguide  or  other  devices.  Interconnects  "drilled"  by  laser  ablation  would  be 
problematical  if,  as  we  have  shown  to  be  the  case  at  intensities  above  a  few 
GW-cm*2,  the  surface  becomes  metallized  by  the  preferential  ejection  of  oxygen 
atoms  or  ions.  On  the  other  hand,  ablation  of  molecular  clusters  should  leave 
behind  a  surface  which  is  essentially  stoichiometric,  permitting  direct  attachment 
of  fibers  without  any  significant  optical  losses.  Verification  that  the  LiNb03 
surface  indeed  remains  stoichiometric  following  ablation  is  a  high  priority  for 
future  experiments. 
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Abstract.  We  have  carried  out  high -sensitivity  measurements  of  the  emission  of  Ga"  neutrals 
from  a  clean  GaPfl  10)  surface  induced  by  laser  pulses  of  subgap  photon  energies.  We  found 
that,  below  a  sharp  threshold  laser  fluence  for  evolution  of  surface  damage,  the  emission 
yield  of  Gau  atoms  decreases,  following  two  exponential  functions,  w  ith  repeating  pulses  of 
the  same  fluence.  These  two  decays  are  ascribed  to  the  ejection  initiated  by  defects  of  two 
different  types.  These  measurements  are  shown  to  be  useful  for  characterizing  defects  of 
extremely  small  concentration 


The  ic-  is  increasing  interest  in  identifying,  characterizing  and  controlling  small  con¬ 
centrations  of  surface  defects  over  a  relatively  large  area  in  electronic  and  photonic 
mateiials.  This  capability  is  important  both  for  technological  reasons,  as  in  the  fab¬ 
rication  of  multiple-quantum-well  devices,  and  for  basic  scientific  studies  of  surface 
electronic  structure.  However,  most  current  techniques  for  microscopic  surface  analysis 
do  not  have  this  capability.  For  example,  scanning  tunnelling  microscopy  [1)  has  an 
exit  cmely  high  spatial  resolving  power  but  can  only  evaluate  defects  quantitatively  over 
a  relatively  small  surface  area. 

In  this  paper  we  report  the  first  demonstration  that  laser-induced  particle  emission 
monitored  by  resonance  ionization  mass  spectroscopy  successfully  differentiates 
between  several  types  of  defect  in  the  topmost  atomic  layer  of  a  GaP  specimen.  In 
addition,  we  show  that  certain  of  these  defects  can  be  eliminated  from  the  surface  by 
prolonged  irradiation  of  the  surface  without  producing  crystallographic  damage .  Finally, 
we  show  that  this  same  technique  is  able  to  provide  significant  clues  to  the  nature  of  the 
defects  responsible  for  laser-induced  surface  damage  above  a  certain  fluence  threshold. 

The  specimens  used  in  this  experiment  were  n  type  (S-doped)  GaP  single  crystals 
measuring  10  mm  x  10  mm  x  2  mm.  The  wide  face  parallel  to  the  (110)  plane  was 
mechanically  polished,  chemically  etched  and  finally  cleaned  by  Ar+  ion  bombardment 
and  thermal  annealing  in  ultra-high  vacuum  (base  pressure,  less  than  2  x  10~8Pa)  [2, 
3]  After  cleaning,  the  surface  showed  a  clear  (1  x  1)  low-energy  electron  diffraction 
(l.i  i  d)  pattern  and  no  Auger  signal  due  to  surface  contaminations  was  detected.  The 
suriace  was  bombarded  by  an  excimcr-pumped  dye  laser  at  a  w  avelength  of  600  nm  and 
a  pulse  width  of  28  ns.  The  laser  beam  of  this  wavelength  is  capable  of  exciting  the 
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u<.ctrons  in  the  valence  band  to  the  unoccupied  surface  states  located  0.3  eY  below  the 
conduction  band  [4]  but  not  of  inducing  band-to-band  transitions.  1  lence  the  heating  of 

sui face  layer  is  extremely  small  [5],  This  'pump'  laset  be;-.::.,  -a  Inch  w.;2  made  as 
anilorm  as  possible  using  apertures  and  lenses,  was  incident  on  the  specimen  at  an  angle 
of  45"  from  the  surface  normal.  The  beam  spot  on  the  surface  was  U.5  mm  in  diameter. 

Emitted  neutrals  were  observed  with  high  sensitivities  using  the  resonance  ionization 
spectroscopy  ( Ris)  technique  [6]  as  reported  elsewhere  [7],  Frequency-doubled  light 
liom  a  second  excimer-pumped  dye  laser  was  used  to  excite  the  :P(  2  to  :D,  -  transition 
of  Ga  neutrals,  while  the  fundamental  beam  from  the  same  laser  (at  574.82  nmj  lonizeu 
excited  Ga  neutrals.  The  ris  laser  was  triggered  about  5  /rs  after  the  pump  (desorption) 
laser  and  passed  parallel  to  the  surface  at  a  distance  of  2.0  mm.  Ga+  ions  w'ere  detected 
with  a  channeltron,  the  signals  of  which  were  stored  in  a  microcomputer. 

We  measured  the  Ga11  yield  from  the  GaP(llO)  surface  induced  by  repeated 
irradiation  with  laser  pulses  of  a  fixed  laser  fiuence  on  the  same  spot.  Figures  1(a)  and 
li//)  show  typical  results  for  the  yield  Y  of  Gau  neutrals  per  pulse  as  a  function  of  the 
number  n  of  laser  shots  at  laser  fluences  of  1.0  J  cm  2  and  1 .2  J  cm"2,  respectively.  A 
previously  unirradiated  spot  of  the  sample  was  bombarded  repeatedly  by  laser  beams 
of  each  fiuence.  The  fluctuation  of  the  fluence  of  the  laser  pulses  at  each  ‘fixed’  fiuence 
was  about  5%.  As  seen  from  figure  1(a),  Y  decreases  initially  with  increasing/!,  approxi¬ 
mately  following  an  exponential  relation,  and  reaches  nearly  a  constant  value,  which 
decreases  very  slowly  and  lasts  over  8000  pulses.  The  ordinate  is  given  in  arbitrary  units, 
of  w  hich  unity  approximately  corresponds  to  the  removal  of  atoms  in  a  10"b  monolayer. 
We  refer  to  the  decreasing  component  as  the  A  component  and  the  nearly  constant 
component  as  the  S  component.  The  l.eed  pattern  obtained  on  the  laser-focused  spot 
w as  unchanged  after  8000  pulses. 

On  the  Other  hand,  above  a  fiuence  of  1 .2  J  cm"2,  a  rapid  increase  in  Y  with  increasing 
n  is  seen  as  shown  in  figure  1(h).  We  note  a  remarkable  difference  in  the  Y-n  relation 
In  changing  the  laser  fiuence  by  only  20%  across  a  critical  fiuence  /D  of  1.1  J  cm"2. 
Above  the  critical  fiuence,  each  spot  of  the  leed  pattern  became  weaker  after  several 
hundreds  of  laser  shots.  Thus  we  ascribe  the  increase  in  Y  with  increasing  n  (referred  to 
as  the  D  component)  to  the  evolution  of  damage  on  the  surface.  We  note  that  at  the 
initial  stage  of  evolution  the  number  of  atoms  emitted  by  each  laser  pulse  is  small,  nearly 
of  the  order  of  10"6  monolayer,  and  that  the  number  of  atoms  starts  to  increase  if  initial 
damage  is  produced  on  the  surface.  Thus  it  is  clear  that  the  mechanism  of  initial  damage 
occurs  without  emitting  a  large  number  of  atoms  and  hence  is  purely  electronic. 

Since  the  emission  yield  of  Ga  atoms  is  reduced  by  repeating  laser  pulses,  even  though 
the  surface  remains  undamaged,  the  A  component  in  the  Y-n  relation  is  undoubtedly  due 
to  defect-initiated  particle  emission.  We  assign  also  the  S  component  to  defect-initiated 
particle  emission  for  the  following  reasons.  First  no  change  was  observed  in  the  leed 
pattern  after  8000  shots.  Second,  no  increase  in  Y  was  observed  even  at  n  =  8000,  while 
an  increase  in  Y  is  seen  at  n  =  20  for  a  flucnce  larger  by  only  20%.  Suppose  that  both 
the  S  and  the  D  components  were  due  to  the  evolution  of  the  damage  on  the  surface, 
then  we  should  see  a  rapid  increase  in  the  probability  of  destruction  of  perfect  sites  as 
the  laser  fluence  is  increased;  indeed  the  yield  should  follow  about  the  thirtieth  power 
o!  the  laser  fluence  if  Y  is  a  power  function  of  the  laser  fluence.  Since  such  a  high  power 
dependence  is  unrealistic,  we  consider  that  S  emission  and  damage  mechanisms  are 
distinct.  Thus  it  is  clear  that  two  completely  different  types  of  defect  can  be  differentiated 
by  measuring  the  dependence  of  the  yield  on  the  number  of  shots. 

The  number  dA/E(/i)/d/i  of  atoms  emitted  by  a  laser  pulse  for  the  A  and  S  components 
can  befitted  to  exponential  functions  y„exp(-<r/i),  with  y„_=  3.0  (arbitrary  units),  a  = 
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Ki^urt  I.  Plots  of  Ga"  yield  from  the  GaPd  HI) 
sm  t'aee  as  a  function  of  the  number  of  laser  shots 
at  iiueneesof  (u)  1.0  J  cm  •'  and  (b)  1 .2  J  cm  A 
ness  spot  was  exposed  to  the  laser  beam  at  the 
stal  l  of  the  experimental  run  lor  each  fluenee  and 
the  same  spot  was  irradiated  repeatedly.  Three 
typical  features  of  the  Ga"  yield  as  a  function  of 
the  number  of  shots,  decreasing,  constant  and 
increasing,  arc  referred  to  as  A,  S  and  D  com¬ 
ponents.  respectively. 


Ga°/GaP  (1 10) 
600  nm 


LASER  FlUENCE  (J/cm2 ) 

Figure  2.  Dependence  of  Ga"  yield  on  the  laser 
fluenee  for  sequential  irradiation  of  the  GaP(l  HI) 
surface:  data  1.  the  laser  fluenee  was  increased 
gradually;  data  2,  the  laser  fluenee  was  kept  con¬ 
stant  at  /;  =  0.85  J  cm  data  3,  the  laser  fluenee 
was  decreased  gradually;  data  4  the  laser  fluenee 
w  as  kept  constant  at  /4  =  I  35  J  cm  •'  The  arrows 
beside  the  plots  show  the  direction  of  the  change 
by  the  sequential  irradiation.  The  threshold  laser 
fluenccs  /A,  /s  and  lD  (see  text)  are  indicated  by 
vertical  arrows 


1.1  x  10'2,  and  Yu  =  0.12  (arbitrary  units),  a  =  7  x  10  \  respectively.  If  the  emission 
ot  atoms  is  initiated  by  defects,  the  number  of  atoms  emitted  per  laser  pulse  is  pro¬ 
portional  to  the  defect  concentration  on  the  surface:  dA'E(/i)/dn  =  T]ND(n),  where  T)  is 
the  yield  and  N0(n)  is  the  number  of  defects  after  the  nth  shot.  It  follows  that  A/D(0)  = 
YJt)  =  ( Y0/a)(a/rj ).  We  obtained  the  ratio  for  Yja  for  the  S  and  A  components  to  be 
6.3. 

The  laser-induced  particle  emission  varies  superlinearly  with  laser  fluenee  (8,  9]. 
Therefore,  one  can  define  an  apparent  threshold  laser  fluenee  above  which  the  particle 
emission  is  observed.  In  order  to  find  the  threshold  laser  fluenee  for  particle  emission 
initiated  by  each  type  of  defect,  we  carried  out  an  experiment,  for  which  the  results  are 
sho\x-i  in  figure  2.  In  this  experiment  we  irradiated  a  new  spot  on  the  surface  starting 
fiom  low  laser  fluenccs  and  obtained  Y  as  a  function  of  fluenee,  as  shown  by  data  1.  The 
threshold  laser  fluenee  /A  of  0.07  J  cm'2  can  be  ascribed  to  the  A  component.  Next  we 
repeated  irradiation  at  fluences  near  I2  =  0.85  J  cm'2,  where  Y  was  decreased  as  shown 
by  data  2,  removing  the  A  component  remaining  after  irradiation  at  low  fluences.  When 
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the  threshold  tluence  tor  the  S  component  When  the  laser  tluence  was  fixed  at  I,  = 
I  .dr*  Jem  ’  above /u-  )  vv  as  ineieased  w  llh  iiu  I  easllip .  as  siiovvn  b\  data  4.  /,,  call  tie 
regarded  as  the  threshold  tluence  for  the  I)  component. 

Since  the  A  component  is  eliminated  at  the  lowest  laser  tluence.  ...  suggest  that  it  is 
due  to  elimination  of  an  adatom-type  defect,  i.e.  a  defect  which,  after  the  emission  of 
Ga  atom,  leaves  either  the  perfect  configuration  or  another  defect  configuration  with  a 
higher  stability  against  laser  irradiation  emerges.  In  this  case,  .VD(0)  =  >'u/a  and  hence 
ahj  =  1.  If  a/t)  =  1  holds  for  the  S  component,  ,V0(U)  for  the  S  com;  mient  is  higher  than 
for  the  Acomponent.  Alternatively,  if  we  consider  that  a'lj  <  i  ior  the  S  component,  the 
defect  concentrations  of  the  S  component  can  be  the  same  and  even  less  than  those  for 
the  A  component,  a/i]  <  1  may  result  if  particle  emission  arises  from  the  kink  sites  of 
steps;  removal  of  an  atom  transfers  the  defect  site  to  the  nearest-neighbour  site,  keeping 
the  structure  of  defects  unchanged  until  another  typeol  defect  emerges.  We  are  tempted 
to  take  the  latter  alternative  and  refer  to  the  defect  that  gives  rise  to  the  S  component  as 
a  step-type  defect  which,  after  the  emission  of  a  Ga  atom,  leaves  a  site  which  has  nearly 
the  same  stability  as  before  the  emission.  If  the  particle  emission  is  initiated  from  a 
vacancy  cluster,  neighbouring  sites  are  destroyed  and  hence  the  size  of  the  cluster 
increases  as  irradiation  proceeds.  Therefore  the  D  component  can  be  ascribed  to  vac¬ 
ancy-initiated  particle  emission,  although  the  possibility  that  the  D  component  arises 
from  defect-free  sites  cannot  be  excluded. 

We  did  not  measure  the  ejection  of  P  atoms,  for  which  no  dye  laser  for  ris  is  available 
at  present.  No  other  technique  can  detect  the  emission  of  P  atoms  with  the  sensitivity  at 
which  Ga  atoms  are  detected.  Since  the  yield  continues  to  decrease,  we  presume  that 
the  stoichiometry  is  maintained  on  the  surface  to  a  certain  degree,  and  hence  that 
ejection  of  either  Ga  or  P  atoms,  whichever  is  strongly  bonded,  will  be  the  rate¬ 
determining  process.!  We  expect  that  nearly  the  same  amounts  of  Ga  and  P  atoms  are 
ejected  by  a  laser  pulse  and  no  substantial  difference  should  exist  whether  measurements 
of  Ga  or  P  atoms  are  carried  out. 

Defect-initiated  ejection  of  atoms  is  induced  if  the  interaction  of  electrons  and 
holes  with  defects  causes  substantial  bond  weakening  or  causes  asymmetrical  lattice 
relaxation,  leading  eventually  to  atomic  ejection  [9],  Local  lattice  relaxation  around 
defects  by  trapping  an  electron  and/or  hole  in  the  bulk  of  solids  is  well  known  [10]. 
Because  of  the  superhnear  dependence  of  the  emission  yield  on  the  laser  fluence,  we 
should  assume  that  at  least  two  excitation  events  are  needed  for  particle  emission. 
Therefore  we  suggest  that  localization  of  two  electron-hole  pairs  at  defect  sites  causes 
Ga°  emission.  The  occupation  of  two  holes  weakens  the  binding  of  the  emitted  atom, 
and  the  electronic  excitation  energy  possessed  by  two  electron-hole  pairs  is  converted 
to  the  lattice  energy  needed  for  the  emission  of  the  atom.  The  process  of  two-hole 
localization  can  be  regarded  as  a  negati \e-U  interaction,  in  which  two  holes  can  be 
localized  at  a  defect  site  when  (U  -  E1R)  <  0,  where  U  is  the  on-site  hole  Coulomb 
repulsion  energy  and  ELR  is  the  lattice  relaxation  energy  [11].  The  superlinear  relation 
between  emission  yield  and  laser  fluence  has  been  explained  in  terms  of  the  screening 
of  Coulomb  repulsion  [12]  and  of  the  degeneracy  of  the  electron-hole  plasma  [13].  In 
each  case  a  larger  laser  fluence  is  needed  to  emit  atoms  from  the  defect  sites  for  which 
the  negative-(/  attractive  potential  is  smaller. 

t  If  the  stoichiometry  is  changed,  the  yield  is  considered  to  increase  as  is  the  case  above  the  threshold 
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According  to  the  results  in  figure  2.  larger  laser  lluences  are  needed  to  emit  particles 
initiated  by  defects  in  tile  order  of  A.  S  and  D  types,  while  we  presume  that  the  emitted 
Cja"atom  is  bonded  more  strongly  in  this  order  [14],  In  order  to  correlate  the  threshold 
laser  tluence  or  Eu<  with  the  bonding  strength  or  vaporization  energy  £vap,  we  used  a 
Born-Haber  cycle  shown  in  table  1 .  Firstly,  two  electron-hole  pairs  are  produced  from 
the  perfect  lattice  site  on  the  surface  by  putting  twice  the  surface  gap  energy,  i.e.  2 £  .,, 
equal  to  the  energy  difference  between  the  occupied  and  unoccupied  surface  states. 
Secondly,  tw'o  holes  are  localized  at  a  defect  site;  U  is  needed  for  putting  two  holes  on 
the  same  site  and  twice  the  trapping  energy,  i.e.  2 £,,  is  emitted.  The  electron  may  be 
loosely  bound  by  two  localized  holes.  Thirdly,  the  two-hole  and  two-electron  localized 
state  described  above  relaxes  by  ejecting  Gau,  leaving  the  defect  with  a  missing  Ga°; 
here  £LR  is  gained.  By  putting  a  GaH  atom  back  on  the  defect  with  the  missing  Ga°,  the 
initial  perfect  lattice  with  the  defect  is  gained  at  a  cost  of  £,jp.  Since  the  total  energy  for 
the  cycle  is  zero,  we  obtain 

U  -  £lr  =  £v,p  -  2£el  (1) 

where  £c,  =  £gap  -  £,  is  the  electronic  excitation  energy  at  the  defect  site.  £vap  is  approxi¬ 
mately  the  difference  between  z£coh  and  the  relaxation  energy  after  vaporization,  where 
£toh  is  the  cohesive  energy  per  bond  and  z  the  number  of  bonds.  Since  £coh  is  about 
1.7  eV  [15],  we  expect  that  the  value  of  U  -  £LR  can  be  negative.  For  most  strongly 
bonded  atoms,  £vap  is  larger  and  hence  £l  R  is  smaller .  This  may  explain  the  experimental 
results  that  a  higher  laser  fluence  is  needed  to  emit  atoms  from  adatoms,  steps  and 
vacancies  in  increasing  order. 

In  conclusion,  we  showed  that  defect-initiated  particle  emission  from  the  GaP(l  10) 
surface  is  indeed  observed  for  laser  pulses  of  subgap  photon  energies.  The  results  can 
give  information  on  extremely  low  concentrations  on  the  GaP(  1 10)  surface.  At  least  two 
types  of  defect  have  been  distinguished  by  observing  the  variation  in  Ga°  yield  as  a 
function  of  repeating  laser  pulses  of  subgap  energies:  A  type  or  adatom  type  and  S  type 
or  step  type.  We  observed  also  a  very  sharp  threshold  laser  fluence  for  damage  evolution , 
which  may  be  ascribed  to  vacancy-initiated  particle  emission.  The  difference  in  the 
threshold  laser  fluence  for  ejection  of  defects  of  each  type  and  the  dependence  of  the 
yield  on  the  number  of  shots  are  shown  to  be  utilized  for  characterizing  surface  defects 
as  low  as  10'5  in  concentration. 
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We  h.i\c  measured  the  effects  of  submonolayer  oxygen  adsorption  on  laser-induced  Ga“  and  Ga  ‘  emission  from  Gal’(IIO) 
sit  1 1  ace s  It  is  found  that  oxygen  adsorption  enhances  that  component  of  the  Ga"  emission  yield  which  decays  rapidly  as  irradiation 
is  icpeatcd.  hut  not  the  Ga*  emission  yield.  The  results  are  interpreted  in  terms  of  bond  weakening  due  to  the  interaction  of 
stiil.uc  delects  with  adsorbed  oxygen. 


The  interaction  of  oxygen  molecules  with  1U-V 
compound  semiconductor  surfaces  has  been  stud¬ 
ied  extensively  by  many  groups  [1-12],  UPS  stud¬ 
ies  on  GaAs  [1-3]  have  shown  that  oxygen 
molecules  chemisorb  dissociatively  at  room  tem¬ 
perature  on  surface  defect  sites  for  coverages  less 
than  0.1  ML.  At  low  oxygen  coverage,  the  Ga 
photoelectron  signals  are  most  strongly  affected 
b\  oxygen.  At  coveraes  in  excess  of  0.1  ML,  on 
the  other  hand,  both  As  and  Ga  photoelcctron 
signals  are  influenced  by  oxygen.  Since  the  initial 
oxygen  uptake  depends  on  the  quality  of  the 
cleavage  [6],  the  low-coverage  adsorption  site  has 
been  identified  as  a  Ga-dcrived  surface  defect. 
However,  this  has  not  been  confirmed  because  it 
is  difficult  to  observe  photoemission  directly  from 
the  delect  sites  on  the  surface,  due  to  the  small 
concentration  ol  defect  sites. 

In  this  Letter,  we  report  the  effect  of  oxygen 
adsorption  on  the  yield  of  Ga"  and  Ga+  emitted 
from  (iaPd  10)  surfaces  by  repeated  laser  irradia¬ 
tion.  The  results  show  that  the  lascr-i.iduccd  Ga" 


emission  is  influenced  by  oxygen  adsorption,  and 
suggest  that  oxygen  atoms  weaken  the  bonding  of 
the  surface  Ga  atoms  around  defects  where  the 
initial  oxygen  adsorption  occurs. 

The  correlation  between  the  laser-induced 
emission  and  defects  on  surfaces  has  been  shown 
by  recent  investigations  of  laser-induced  ejection 
of  Ga"  and  Ga*  from  cleaned  GaP(llO)  surfaces 
at  photon  energies  below'  the  band  gap  [13,14], 
These  investigations  have  shown  that,  for  laser 
fluences  below  1 .0  J /cm2,  the  damage  or  ablation 
threshold,  the  yield  of  Ga"  and  Ga+  decreases 
rapidly  from  its  initial  value,  and  then  continues 
decreasing  slowly  under  repeated  pulsed-Iascr  ir¬ 
radiation  on  the  same  spot  for  a  fixed  laser  flu- 
cnce.  Since  the  (lxl)  LEED  pattern  of  the 
GaP(llO)  surface  docs  not  change  even  after 
8000  shots  at  this  range  of  laser  fluence,  the 
reduction  has  been  ascribed  to  the  defect-ini¬ 
tiated  emission  of  Ga"  and  Ga+.  Experimentally 
one  observes  a  rapidly  decreasing  component  of 
the  yield  (A),  and  a  component  (S)  which  de- 
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■.  ;>-c-  .  >n!\  mow.  a  function  of  shot  number, 
i  ,  .  \  c<*mptin<-:u  .t-wrilvd  to  a  delect  contain- 
;i::  a  ioo>cl>  ho:,  .ad  Ga"  and  becomes  stable 
a  1 1 e r  elimination  oi  a  Ga  atom:  the  S-component 

a:  ;va:  -  to  be  ui,:  .d  to  emission  from  kink  or 
step  sites,  the  number  density  of  which  remains 
virtually  unchanged  after  removing  a  Ga  atom. 

I  Inis,  since  the  change  of  Ga"  and  Ga'  emission 
\  ie Ids  )  as  a  function  of  shot  number  n  appears 
to  be  sensitive  to  different  types  of  surface  defect 
sites,  tins  technique  may  be  useful  for  studies  of 
tlie  initial  interaction  of  oxygen  atoms  with  defect 
sites  on  compound  semiconductor  surfaces.  The 
emission  yield  for  both  the  A-  and  S-components 
varies  stiperlinearly  with  laser  fluence,  exhibiting 
an  apparent  threshold  laser  fluence,  which  can 
also  be- used  to  characterize  the  defects  on  sur¬ 
faces  [15]. 

1'he  pulsed  lasers  for  exciting  the  surfaces 
(  "pump"  laser)  and  for  ionizing  the  sputtered 
Ga"  (“probe"  laser)  are  obtained  separately  by 
excimei -laser-pumped  dye  laser  systems,  both  of 
which  generate  laser  pulses  of  28  ns  duration. 
The  pump  laser  was  tuned  to  a  wavelength  of  600 
nm  for  selective  excitation  of  electrons  of  the 
valence  band  to  an  unoccupied  surface  state,  and 
was  focused  on  a  sample  surface  to  a  diameter  of 
0.4  mm.  The  fluence  was  varied  between  several 
tens  and  several  hundreds  of  mJ/cm2  by  putting 
filters  on  the  path  of  the  laser  beam.  The  photon 
energy  of  the  probe  dye  laser  was  tuned  to  a  half 
oi  the  l,|/;-2L):  energy  and  the  frequency- 
doubled  beam  was  used  for  excitation  and  the 
fundamental  beam  for  ionization  of  the  excited 
atoms.  Ga'  emission  yield  was  measured  without 
firing  the  probe  laser.  Time-of-flight  measure¬ 
ments  were  made  to  confirm  that  Ga+  is  indeed 
emitted.  The  probe  laser  pulse  was  delayed  by  3.0 
ijl  s  from  die  pump  laser  pulse  and  passed  parallel 
to  the  surface  at  a  distance  of  2.0  mm.  The 
charged  particles  were  detected  by  an  electron 
multiplier  in  a  shielded  box,  placed  2.0  cm  in 
front  of  the  sample. 

Samples  of  Gal'll  10)  were  etched  chemically 
to  remove  damage  introduced  by  polishing  and 
then  mounted  to  a  Ta  sample  holder.  Following 
repeated  cycles  of  Ar+  bombardment  (1  keV,  3 
/aA/cnr)  at  400  C  for  30  min,  followed  by  an- 
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Fig.  I.  The  28  ns  pulsed  laser-induced  emission  yield  of  Ga" 
as  a  function  of  the  number  of  shots  on  clean  and  oxygen-ex¬ 
posed  GaP(llO)  surfaces.  The  irradiation  was  started  at  the 
clean  surface  and  oxygen  was  introduced  as  indicated  in  the 
figure  at  respective  exposures  The  laser  fluence  used  is  0.8 
J/cm;  (below  the  damage  threshold). 


nealing  at  600°C  for  15  min,  a  sharp  (1  X  1) 
LEED  pattern  was  observed  and  no  residual  oxy¬ 
gen  and  carbon  on  the  surface  was  detected  by 
Auger  electron  spectroscopy  (AES).  Oxygen  ex¬ 
posures  were  carried  out  at  room  temperature 
with  all  heated  filaments  in  the  UHV  chamber 
turned  off,  so  as  not  to  produce  excited  oxygen 
molecules  or  atoms.  Oxygen  coverage  was  esti¬ 
mated  from  the  intensity  ratio  of  the  O(KLL)  and 
P(LMM)  AES  lines. 

The  yield  versus  shot  number  curve  Y(n )  for 
Ga°  emitted  during  repeated  irradiation  on  the 
same  spot  of  GaP(llO)  surfaces  before  and  after 
exposures  to  10\  10\  and  105  L  02  is  shown  in 
fig.  1.  The  laser  fluence  was  0.8  J/cm2,  below  the 
threshold  for  surface  damage.  Oxygen  exposures 
were  begun  after  the  A-component  of  the  desorp¬ 
tion  yield  disappeared,  while  the  S-component 
still  remained.  Immediately  upon  oxygen  expo¬ 
sure,  a  rapidly-decaying  component  of  the  Ga" 
emission  reappears  even  though  the  laser  fluence 
is  held  constant.  The  threshold  laser  fluence 
above  which  the  Ga°  emission  can  be  observed 
after  104  L  oxygen  exposure  is  0.38  J/cm2,  com¬ 
parable  to  the  threshold  fluence  of  0.35  J/cm2 
measured  for  clean, -previously  unirradiated  sur¬ 
faces. 
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I  J  I  he  i met: i .tied  Ga”  emission  yield  (open  aides)  ol  the 
t.ipidly  decreasing  component  from  oxygen -adsorbed  GaPU  111) 
sin  laces  as  a  lunction  of  exposure  to  molecular  oxygen.  The 
oxygen  coverage  determined  by  Auger  analyses  is  also  shown 
by  closed  circles.  Lines  are  only  guides  for  the  eye. 


The  total  Ga"  emission  yield  of  the  A-eompo- 
nent  and  the  oxygen  coverage  on  the  surface  are 
displayed  in  fig.  2  as  a  function  of  total  oxygen 
exposure.  Oxygen  coverage  on  the  surface  is  not 
estimated  for  total  exposures  below  104  L,  be¬ 
cause  the  coverage  is  below  the  AES  detection 
limit.  Total  emission  yield  increases  gradually  with 
increasing  total  oxygen  exposure,  saturating 
around  10s  L.  The  increase  in  the  A-component 
emission  yield  above  104  L  is  approximately  pro¬ 
portional  to  that  for  the  oxygen  coverage.  The 
oxygen  coverage  at  10  arbitrary  units  is  approxi¬ 
mately  lir:  monolayer. 

We  compared  the  decay  of  the  A-component 
of  the  G;i"  emission  yield  from  the  cleaned 
GaPU  10)  surface  with  that  for  a  surface  exposed 
to  10 ■’  L  of  oxygen  under  repeated  irradiation 
with  a  laser  fluence  of  0.8  J/cm2  in  fig.  3.  We  fit 
the  Ga°  emission  yield  curves  to  an  exponential 
function  of  the  number  of  shots.  The  decay  con¬ 
stants  for  the  cleaned  and  the  oxygen -exposed 
surface  are  estimated  to  be  0.11  and  0.26,  respec¬ 
tively.  Although  the  two  curves  are  normalized  at 
/V  =  1,  we  found  that  the  absolute  area  under 
these  curves  is  nearly  equal. 

Finally,  we  measured  the  change  of  the  emis¬ 
sion  yield  of  Ga+  induced  by  repeated  irradiation 
of  cleaned  and  oxidized  GaP(llO)  surfaces.  Fig.  4 
shows  the  changes  of  the  Ga"  and  of  Ga*  emis¬ 
sion  yields  induced  by  repeated  irradiation  with  a 
laser  fluence  of  0.56  J/cm2  of  GaP(IIO)  before 


°  Clean 

•  02  103l  -j 

o  -1 

—  _  o 

~  -  -1-0 - 

.  -  -  i  1  Q~ 

20  30 

NUMBER  OF  LASER  SHOTS 

Fit:  3.  A  comparison  of  the  relations  between  the  Guu  yield 
and  the  number  of  shots  for  cleaned  (open  circles)  and  Id'  L 
oxygen-exposed  (closed  circles)  GaPU  10)  surfaces.  The  irradi¬ 
ation  was  repeated  wiih  a  fixed  laser  fluence  of  U.S  J/cm'1. 
The  solid  and  dotted  lines  are  exponential  functions  with 
decay  constants  of  0.26  and  0.1 1,  respectively. 
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l  ig.  4.  A  comparison  between  the  change  of  the  (a)  Ga11  and 
(b)  Ga  *  emission  yields  before  and  after  oxygen  exposure. 
Each  figure  shows  the  relation  between  the  yield  and  number 
of  laser  shots,  started  from  cleaned  surfaces  and  exposed  to 
oxygen  indicated.  The  laser  fluences  are  fixed  to  0.8  J/cm* 
lor  the  Ga°  emission  and  0.5b  J/cm*  for  the  Ga  *  emission. 
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As  described  elsewhere  [13]  the  A-component 
i-  initiated  by  a  relatively  weakly  bonded  Ga-rich 
...feci  site.  The  correlation  shown  in  fig.  2  be- 
oen  tile  integrated  yield  of  the  A-component 
•  •aid  the  oxygen  coverage  indicates  that  a  weakly 
bonded  Ga  atom  is  produced  at  each  site  where 
oxygen  is  adsorbed.  Furthermore,  in  view'  of  the 
saturation  as  a  function  of  oxygen  dose,  it  has 
been  suggested  that  the  adsorption  of  oxygen 
occurs  at  defect  sites  [2,3,6],  The  present  experi¬ 
mental  results  indicate  that  adsorption  of  an  oxy¬ 
gen  at  a  defect  site,  probably  on  kink  sites  of 
steps  (S-component),  weakens  the  bonding  of  a 
Ga  atom. 

In  view  of  the  UPS  [1-3]  and  EELS  [6.7] 
experiments  on  GaAs,  it  is  generally  believed  that 
oxygen  atoms  at  low  coverage  are  bonded  to  the 
Ga  atoms:  no  indication  of  As-O  bonding  has 
been  observed.  We  have  no  information  which 
would  enable  us  to  identify  the  site  of  the  oxygen 
bonding  on  GaP.  but  it  is  unlikely  that  oxygen 
adsorbed  atop  a  Ga  atom  would  produce  a  weak¬ 
ened  bond  in  a  suiiace  Ga  atom.  Indeed,  accord¬ 
ing  to  simple  bond-energy  arguments  [7]  it  is 
more  likely  that  the  adsorbed  ox, gen  atom  bridges 
the  P  and  Ga  on  a  kink  site  at  the  surface.  Since 
the  O-adxorpiion  at  the  bridge  site  may  produce 
a  weakly  bonded  Ga  atom  and  hence  enhance  Ga 
emission,  in  \iew  of  the  present  results,  we  con¬ 
sider  that  the  model  that  an  oxygen  atom  bridges 
Ga  and  P  atoms  [7]  is  more  likely  than  a  bridge 
between  adjacent  Ga  atoms  on  the  surface  [2], 

It  has  been  argued  that  defect  sites  at  which 
laser-induced  particle  emission  occurs  can  be  par¬ 
tially  characterized  by  three  parameters  [13]:  the 
threshold  laser  fluence,  the  exponent  of  the  yield 
\ersus  shot  number,  and  the  Ga^/Gti"  ratio.  The 
threshold  laser  fluence  for  emission  from  the 
oxygen -adsorbed  xnc  is  nearly  the  same  as  that 
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electronegativity  ol  an  oxygen  atom  produces  a 
negatively  charged  surface  site  [11],  making  it 
possible  for  the  oxygen  adsorption  site  to  localize 
txxo  holes  and  produce  desorption,  as  already 
suggested  for  clean  GaP  surfaces  by  ltoh  and 
Nakayama  [16],  and  confirmed  experimentally  by 
Hatton  et  al.  [14].  Calculations  of  two-hole  laser- 
induced  desorption  in  the  bond-orbital  model  by 
Haglund  et  al.  [17]  are  also  consistent  with  this 
picture.  A  second  possibility  is  that  the  oxidation 
leads  to  the  formation  of  a  metastable  O'  at  the 
defect  site,  which  has  been  shown  in  calculations 
to  be  metastable  and  to  produce  a  surface  lattice 
deformation  which  leaves  one  Ga  more  weakly 
bonded  than  its  neighbors  [IS],  Both  possibilities 
are  consistent  with  the  experimental  evidence. 

The  experimental  values  of  the  Ga+/Ga°  ratio 
are  also  consistent  with  the  picture  of  Ga°  emis¬ 
sion  from  an  electronegative  surface  defect  site. 
To  describe  the  correlation,  we  used  a  Born- 
Haber  cycle  as  shown  in  table  1.  First,  a  Gau  on  a 
surface  defect  is  taken  out  of  the  surface  (from 
the  defect  site)  by  adding  the  vaporization  energy 
/:  .  The  vaporization  of  a  Ga4  requires,  in 

addition,  the  addition  of  the  ionization  energy  I 
of  a  Ga"  and  the  negative  of  the  electron  affinity 

to  the  defect  site  with  the  missing  Gau.  Thus, 
we  obtain  the  following  relation  between  the  va¬ 
porization  energy  £'  (Gau)  of  a  Ga  atom  and 
the  E\„,(Ga4)  of  a  Ga  ion: 

/\ar(Ga4)  Ga")  +/  — /ld.  (1) 


Table  I 

A  Born-Habcr  cycle  describing  ihe  difference  in  the  energy 
of  emitting  Ga"  and  Ga  *  from  a  GaP  surface  (see  text) 


Surface-missing  Ga"  silt  +  Ga" 

+  fc\jp<  Ga") 

Ga"  -  Ga  +  e 

+  / 

Missing  Ga"  site  +  c-missing  Ga 4  site- 

-  -T 

Missing  Ga  "  site  ■+  Ga  ‘-surface 

-  IGa'  ) 

* '  )  =  /.„„.<Ga")+  /-  .-td 

v 

■5 


1  t>4(. 


J  Kunumki  cl  ill  ,■  klfcits  of  iiinvN  jjsori'ium  uK 

i  !  i.  the  Ga~  Ga"  rat io  should  he  Luget 
!  urate  lot  detects  ha\mg  .1  .  latget  than  / 

\.  cording  !•'  the  model  described  above,  a  detect 
..:e  vv:t!t  a  i’  O  bond  let!  alter  Cia  einission  is  not 
e.ipable  oi  : rapping  another  election 

I--,  ^.tr-r  -v  '••  •  fm  1  •■■■>'  ■■h-.o’T-- " 

,  v.geii  atom  at  delect  sites  on  (iaP  sui laces 
enhances  that  component  of  the  laser-induced 
atom  emission  which  comes  from  weakly-bonded 
Cia  sites.  Although  at  present  no  definite  conclu¬ 
sion  can  be  drawn  about  the  atomic  structure  of 
the  adsorption  site,  our  results  indicate  that  the 
binding  ot  the  Ga  atoms  is  strongly  altered  by 
ovulation.  1  he  bond  weakening  may  be  attributed 
either  to  the  electronegativity  of  the  oxygen  or  to 
lattice  deformation  produced  by  the  formation  of 
()  .  Our  investigation  also  indicates  that  laser-in¬ 
duced  particle  emission  is  a  sensitive  and  promis¬ 
ing  probe  for  investigating  small  concentrations 
ot  electronic  defects  at  surfaces. 
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Section  IV.  Photon-  and  electron-stimulated  desorption 


Nonthermal  laser  sputtering  from  solid  surfaces 
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Current  understanding  of  the  phenomena  of  laser-induced  sputtering  of  nonthermal  origin  from  semiconductors  and  insulators  is 
re\ iewed.  Fxperimental  observations  on  laser  sputtering  of  typical  insulators  and  semiconductors  are  compared,  emphasizing  laser 
sputtering  by  photons  having  suhgap  energies  It  is  pointed  out  that  the  sputtering  is  not  induced  at  low.  laser  intensities  in 
semiconductors,  while  sputtering  in  proportion  to  the  density  of  excitation  is  observed  for  alkali  halides.  The  difference  is  attributed 
to  the  absence  and  presence  of  self-trapping  of  excitons  in  two  different  types  of  materials.  In  high-sensitivity  measurements  of 
laser-induced  sputtering  from  GaP  surfaces  the  change  in  the  sputtering  Meld  as  the  pulsed-laser  irradiation  is  repeated  on  the  same 
spot  is  correlated  with  the  change  in  the  defect  concentrations  on  the  surface  top  laser  Hence,  high-sensitivity  measurements  of 
nonthermal  laser-induced  sputtering  can  be  a  useful  technique  for  defect  and  impurity  anahsts  on  the  top  layer  of  the  surface. 
Theoretical  aspects  of  the  laser-induced  sputtering,  including  the  nature  of  excitons.  energy  localization,  bond  breaking  and  dynamics 
of  localisation  are  discussed.  It  is  suggested  that  two-hole  localisation  on  surface  defect  sites  is  the  origin  of  sputtering  in  materials  in 
which  no  self-trapping  of  excitons  is  induced 


1.  Introduction 

Irradiation  of  solids  by  pulsed-laser  beams  induce 
phenomena  which  are  specific  to  intense  light  beams. 
These  phenomena  include  laser-induced  bulk  damage, 
surface  damage  and  sputtering  (1|.  The  latter  two  phe¬ 
nomena  are  correlated  to  each  other  and  form  the 
subject  of  the  present  paper.  One  of  the  characteristic 
features  of  laser-induced  sputtering  is  the  superltnear 
dependence  of  its  yield  on  the  fluence.  which  often  can 
be  regarded  as  if  a  threshold  laser  fluence  exists  (2). 
Such  superlinear  dependence  is  often  characteristic  of 
thermal  sputtering,  due  to  vaporization  of  the  surface 
b\  rapid  heating  during  laser  irradiation  [3).  In  this 
paper  we  show  several  examples  of  laser-induced 
sputtering  of  nonthermal  origin,  which  exhibits  similar 
'uperlinear  dependence  on  the  laser  fluence. 

Experiments  on  laser-induced  sputtering  have  been 
carried  out  using  photons  both  below'  and  above  band- 
gap  energies.  Because  of  the  large  bulk  optical  absorp¬ 
tion  coefficients,  irradiation  with  photons  above  the 
band-gap  energy  raises  the  temperature  of  the  surface 
layers,  and  hence  may  induce  thermal  evaporation.  For 
photons  of  subgap  energies,  however,  the  bulk  optical 
absorption  coefficient  is  extremely  small,  less  than  that 


for  photons  above  the  band-gap  energies  often  bv  five 
orders  of  magnitude.  Thus  the  temperature  nse  of  the 
surface  layers  can  be  disregarded  for  subgap  excitation. 
There  are  three  conceivable  sources  of  optical  absorp¬ 
tion  of  photons  of  subgap  energies  contributing  to 
desorption:  multi-photon  hulk  absorption,  single-pho¬ 
ton  optical  absorption  by  the  surface  states,  and  that  by 
defects  on  surfaces.  When  photons  are  absorbed  by 
surface  states  or  surface  defects,  the  thermal  energy 
generated  by  nonradiatixe  processes  will  be  transferred 
to  the  underlayer  which  is  not  directlv  heated.  Photons 
of  subgap  energies  may  be  absorbed  also  in  a  single¬ 
photon  mode  b\  defects  in  the  bulk  but  this  will  not 
contribute  to  desorption  and  hence  is  disregarded.  Since 
the  amount  of  the  energv  imparted  by  each  photon-solid 
interaction  is  of  the  order  of  a  few  eV.  it  is  improbable 
that  atoms  underneath  the  surface  top  laver  are  ejected. 
In  any  case  sputtering  will  not  be  induced  unless  excita¬ 
tion  energy  is  transported  to  the  surface. 

The  purpose  of  the  present  paper  is  to  review  experi¬ 
mental  observations  of  nonthermal  laser  induced 
sputtering  of  halides,  oxides  and  compound  semicon¬ 
ductors.  and  to  discuss  the  various  mechanisms  of 
laser-induced  desorption  in  these  materials.  Theoretical 
considerations  for  nonthermal  laser  sputtering  for  sub- 
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gap  photon  energies  arc  aUo  given.  cmph.N/nij;  tile 
localization  of  electronic  excitation  energv  and  it'  trans¬ 
formation  to  the  energy  lor  atomic  election 

2.  Sunev  of  experimental  results 

2.1  Alkali  halides  and  alkaline  earth  fluorides 

A  great  deal  of  work  has  been  carried  out  on  sputter¬ 
ing  of  alkali  halides  bv  electrons  and  ions,  and  several 
reviews  have  been  published  [4-6],  The  mechanism  of 
the  sputtering  bv  charged  particles  is  due  to  both  elastic 
encounters  and  electronic  excitation  The  process  of 
sputtering  caused  bv  electronic  excitation  under  irradia¬ 
tion  with  charged  particles  is  essentially  the  same  as  for 
photo-excitation  In  this  paper,  we  discuss  mainly 
photo-induced  sputtering,  but  touch  upon  sputtering 
induced  bv  charged  particles,  whenever  necessary. 

The  sputtering  yield  of  halogen  atoms  from  alkali 
halides  bv  conventional  light  beams  is  proportional  to 
the  flux  [7],  as  shown  in  fig.  1.  indicating  that  a  single 
excitation  event  induces  sputtering  The  temperature 
dependence  of  the  sputtering  yield  at  low  fluxes  has 


(l/l.) 

F  ig  1  Pholo-induccd  sputtering  late  vs  excitation  intensitx  for 
KhBr  and  KI  Sputtering  rale  is  proportional  to  the  excitation 
intensitx  (After  Kanzaki  and  Mori  (7). > 
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Fig  2  Emission  yields  of  electrons  (dots)  and  positive  ions 
(triangles)  vs  laser  intensity  for  BaF-llll).  for  518  nm  laser 
pulses.  The  solid  lines  represent  the  intensity  dependence,  of 
which  power  is  indicated  in  the  figure.  (After  Reif  et  al.  (14].) 

been  found  to  parallel  the  evaporation  rate  of  alkali 
metals  [8-10],  This  result  has  been  interpreted  in  the 
following  way:  the  halogen  atoms  are  ejected  in  the 
primary  event,  and  deviation  from  stoichiometry  due  to 
loss  of  halogen  reduces  the  overall  sputtering  yield. 
Thus  evaporation  of  alkali  deposited  on  the  surface  is 
the  rate-limiting  process.  Not  much  work  on  laser-in¬ 
duced  sputtering  of  neutral  halogens  from  alkali  halides 
has  been  carried  out.  although  laser-induced  damage 
has  been  studied  extensively  [11]  and  it  has  been  shown 
that  the  defects  at  the  surface  are  one  of  the  main 
factors  for  producing  the  laser  damage.  It  has  been 
shown  that  four-photon  band-io-band  transition  by  ruby 
laser  pulses  causes  desorption  [12]:  the  yield  is  propor¬ 
tional  to  the  fourth  power  of  the  laser  fluence.  indicat¬ 
ing  again  that  a  single  excitation  event  results  in  ejec¬ 
tion  of  a  halogen  atom. 

Extensive  work  on  laser-induced  sputtering  of  ca¬ 
tions  and  electron  emission  from  fluorides  has  been 
carried  out  [13-17],  Fig.  2  shows  a  typical  result  of  the 
fluence  dependence  of  the  sputtering  yield  by  518  nm 
laser  pulses  [14]  The  figure  includes  also  the  fluence 
dependence  of  the  electron  emission.  A  high-power 
fluence  dependence  for  positive-ion  emission  from  BaF; 
is  evident.  Spectroscopic  studies  have  shown  that  the 
sputtering  yield  is  a  maximum  at  specific  wavelengths 
for  all  intensity  regions,  suggesting  that  resonance 
(multi-photon)  ionisation  possibly,  of  the  surface  defect 
states,  is  responsible  for  sputtering  Cluster  calculations 
of  the  BaF:  surface  confirm  the  plausibility  of  such  an 
excitation  mechanism 


IV  DESORPTION 


4 '4  4  .  N. 


g  •  •  PV  AJMi  OfVSITY 

CjC :  •  >  WE*ti.'r 


Fig.  3  Fffective  number  of  particles  emu  led  for  laser  pulse 
from  surfaces  of  C‘uC'1.  Al  •(),.  Mg().  Cie  and  diamond,  de¬ 
termined  be  plasma  density  and  fluorescence  measurements,  as 
a  function  of  laser  fluence.  (After  Drevfus  et  al.  [22).) 


2.2.  4I:();  unci  LiShO , 

There  have  been  a  number  of  recent  studies  of  laser 
ablation  from  technologically  important  oxide  materi¬ 
als  Here  we  mention  two  cases:  A1:0,  and  the  ferro¬ 
electric  insulator  LiNbO,. 

Sputtering  from  A1;0,  by  excimer  laser  pulses  has 
been  studied  by  direct  scanning-microscopic  observa¬ 
tions  of  ablation  [18- 2U]  and  by  laser-induced  fluores¬ 
cence  (LIF)  [21-23]  measurements.  The  photon  energy 
of  the  excimer  laser  is  well  below  the  band-gap  energy 
of  Al-O,.  and  hence  the  sputtering  in  this  case  is  due  to 
subgap  excitation.  It  has  been  shown  that  laser  ablation 
occurs  for  laser  fluence  only  above  0.6  J/cm  [21].  The 
fluence  dependence  has  been  shown  to  be  superlinear. 
as  shown  in  fig.  3.  Careful  measurements  of  the  energy 
distribution  has  been  reported  both  by  ume-of-flighl 
(TOF)  measurements  and  by  measurements  of  the 
vibrational  and  rotational  lines  of  LIF  from  AIO  [21]. 
Near  the  threshold  laser  fluence  the  TOF  energy  distri¬ 
bution  shows  a  maximum  at  1.2  eV  [21].  while  the 
energy  distribution  determined  by  the  vibrational  spec¬ 
tra  is  much  lower.  A  comparison  of  LIF  spectra  with 
calculated  spectra  shows  that  the  temperature  is  close  to 
500  K.  which  is  too  small  to  consider  that  the  sputtering 
is  due  to  thermal  evaporation.  The  TOF  energy  distri¬ 
bution  is  apparently  influenced  by  collisions  in  the 
high-density  gas  layer  accumulated  above  the  laser- 
irradiated  surfaces  [23],  while  the  energy  distribution 
determined  from  vibrational  frequency  is  related  to  the 
ejection  process.  The  low  internal  temperature  of  ejected 
AIO  excludes  the  thermal  evaporation  mechanism. 

More  recently,  measurements  of  excimer-laser-in- 
duced  ejection  of  excited  atoms  and  ions  from  LiNbO, 
have  been  carried  out  [24.25],  The  laser  pulses  in  this 
experiment  are  generated  from  a  XeCI  laser,  which 
emits  4  eV  photons,  very  close  to  the  band-gap  energy  . 
Threshold  behavior  similar  to  that  for  Al:0,  has  been 
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oginliv.il'.!  number  ot  'll.  i-  .u  liueiKcs  iii'ufficient  to 
cause  either  surface  modification  observable  m  an  elec¬ 
tron  microscope,  or  to  generate  a  visible  plasma  plume 
A  representative  sample  of  these  data  is  are  shown  in 
fig.  4,  lnterestmglv.  the  NF  "  thie'hoid  behavior  is  quite 
similar  for  the  damaged  and  undamaged  surfaces,  sug¬ 
gesting  that  the  desorption  mechanism  is  thermal  in 
both  cases,  while  la"  emission  o  considered  to  be 
nonthermal.  An  incubation  effect  was  also  observed  and 
found  to  be  different  for  ejection  of  Li  "  and  Nh 

2.3  Compound  semwomhu  u>r\ 

Pulsed-laser-induced  sputtering  of  compound  semi¬ 
conductors.  such  as  Ga.As  [26],  (JaP  (27-35],  InP  [36] 
and  CdS  [3~.3S]  have  been  studied,  for  photon  energies 
both  above  and  below  the  band-gap  energies.  One  of 
the  differences  between  the  sputtering  from  semicon- 


Fig  4  Nonlinear  dependence  of  the  sputtering  yields  Fir  Li " 
(a)  and  Nh  "  (b)  from  LiNbO-.  surfaces  on  the  irradiation 
power  of  XeCI  laser  (30K  nml.  for  damaged  and  undamaged 
spots  (  After  Affaligato  et  al  ( 25 ]. ) 
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ductors  and  from  alkali  halides  is  that  no  desorption  is 
observed  for  small  laser  fluenee'  and  the  sputiciing 
vield  increases  rapidly  with  laser  fluenee  in  the  former 
as  shown  in  fig  5  [30],  With  alkali  halides,  on  the  other 
hand,  the  sputtering  yield  is  proportional  to  the  densitv 
of  excitation  (fig  It  Thus  it  appears  that  there  is  a 
fundamental  difference  in  the  mechanism  of  desorption 
between  alkali  halides  and  semiconductors.  A1;0.  and 
l  iNHO,  show  behaviors  rather  similar  to  the  compound 
semiconductors. 

A  large  number  of  sputtering  experiments  for  com¬ 
pound  semiconductors  have  been  earned  out  using  pho¬ 
tons  above  the  hand-gap  energies  General  characteris¬ 
tics  for  sputtering  by  photons  above  and  below  the 
band-gap  energies  are  similar:  both  show  the  superlin- 
ear  dependence  on  the  laser  fluenee.  and  even  the 
threshold  laser  fluences  for  both  cases  are  within  a 
factor  of  3.  as  seen  from  fig.  5.  Since  GaP(llO)  and 
(!!!)  surfaces  have  surface  states  located  within  the 
band  gap  [39.40],  sputtering  by  photons  below  band-gap 
energies  has  been  ascribed  to  excitation  of  the  surface 
states.  Measurements  of  the  velocity  distribution  for 
photon  energies  above  the  band-gap  energy  have  been 
carried  out  [26-28.36-38],  The  velocity  distribution, 
however,  has  been  shown  to  be  influenced  by  collisions 
between  sputtered  particles  [23]  and  hence  does  not 
necessarily  reflect  the  mechanism  of  sputtering. 

In  recent  work  on  laser-induced  sputtering  by  the 
Nagoya  group,  special  care  was  taken  to  insure  sputter¬ 
ing  from  cleaned  and  undamaged  surfaces.  Two  kinds 
of  precaution  have  been  taken  in  these  experiments:  (1) 
the  surface  was  cleaned  before  the  start  of  sputtering 
experiments,  and  (2)  highly  sensitive  detection  tech¬ 
niques  were  used  so  that  irradiation  with  a  pulsed  laser 
beam  destroys  only  a  very  small  fraction  of  the  topmost 


3  r 

Ga  /  GaP  (ill ) 


LASER  FLUENCE  (  J-cm-2 ) 

Fig  5  Dependence  of  the  sputtering  vield  of  Ga"  neutral 
atoms  on  the  laser  fluenee  from  a  GaPtUl)  clean  surface  for 
several  different  wavelengths.  (After  Hatton  el  al  [30]  ) 
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Fig  6  The  change  of  the  sputtering  yield  of  Ga"  induced  by 
irradiation  of  GaPtllft)  surfaces  by  28  ns  laser  pulses,  then 
irradiation  is  repeated  on  the  same  spot:  for  different  laser 
fluences  (a)  1.0  J/cnv  and  (b)  1.2  J/cnr.  (After  Hatton  et  al 

(331) 


layer.  Because  of  these  precautions,  it  was  possible  to 
observe  the  pulsed-laser-induced  sputtering  from  the 
same  part  of  the  surface  repeatedly.  Fig.  6  [33]  shows  a 
typical  example  of  such  experiments.  It  is  clear  from  fig 
6(a)  that  the  the  sputtering  yield  decreases  rapidly  at  the 
beginning  of  the  irradiation  and  becomes  a  constant,  if 
laser  fluenee  is  small.  We  note  in  particular  that  the 
constant  sputtering  is  maintained  for  8000  shots  (fig. 
6(a))  and  that  if  the  laser  fluenee  is  increased  only  bv 
20T.  there  is  an  increase  in  the  sputtering  yield  as 
pulsed  irradiation  is  repeated  (fig.  6(b)).  We  refer  to  the 
threshold  laser  fluenee  that  produces  the  increase  in  the 
yield  as  the  damage  threshold.  It  has  been  shown  that  in 
the  case  of  a  low  fluenee  no  change  in  the  LF.HD 
pattern  was  observed,  while  fading  of  the  LF.F.D  spots 
was  seen  in  the  case  of  a  high  fluenee.  Since  only  atoms 
on  the  surface  top  layer  are  ejected,  the  sputtering  vield 
represents  the  atomic  structures  of  the  top  layer.  Thus 
the  experimental  results  shown  in  fig.  6  indicate  that  the 
surface  is  changed  as  irradiation  is  repeated  and  suggest 
that  the  surface  becomes  more  perfect  if  the  l^ser  fluenee 
is  small  and  becomes  less  perfect  if  the  laser  fluenee  is 
large  From  the  evaluation  of  the  absolute  value  of  the 
number  of  sputtered  atoms,  it  has  been  shown  that  each 
shot  gives  sputtering  of  about  10  '  monolayer  Since 
the  threshold  for  collisions  between  sputtered  particles 
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is  about  0.5  monolayer  [23.34].  such  collisions  would 
not  be  expected. 

From  the  arguments  above,  it  is  clear  that  high-sensi- 
tivity  measurements  of  laser-induced  neutral  emission 
can  serve  as  a  method  of  high-sensitivity  analysis  of  the 
surface  top  layer.  It  has  been  shown  that  ions  are  also 
emitted  although  the  number  is  much  smaller.  Since  ion 
sensitivity  is  much  higher  than  the  neutral  sensitivity, 
measurements  of  laser-induced  ion  emission  from  the 
surface  tx  considered  to  be  useful  for  impurity  analysis 
of  the  surface  top  layer.  TOF  measurements  of  laser-in¬ 
duced  emitted  ions  has  been  carried  out  [35].  In  these 
experiments  the  high  sensitivity  was  obtained  by 
sacrificing  resolution.  Fig.  7  shows  a  typical  result.  In 
addition  to  Ga'.  emission  of  K *  and  Na*  was  de¬ 
tected.  and  it  has  been  found  that  the  intensity  of  Na* 
and  K  '  ions  decreases  to  zero  as  irradiation  is  repeated, 
while  that  of  Ga*  is  decreased  also  but  to  a  constant 
value.  The  yield  of  Ga '  is  also  influenced  more  signifi¬ 
cantly  than  that  of  Ga".  w  hen  the  surface  was  annealed 


3.  Theoretical  considerations 

3  /  The  mechanism  of  laser-induced  desorption  desorp¬ 
tion  h\  valence-electron  excitation 

Laser-induced  sputtering  of  nonthermal  origin  should 
invoice  electronic  excitation  either  in  the  bulk  valence 
bands  or  in  the  surface  states  or  surface  defects.  If  the 
photon  energy  exceeds  the  band-gap  energy  ,  electron - 
hole  (e-h)  pairs  or  excitons  having  three-dimensional 
extension  are  produced.  If  the  photon  energy  is  below 
the  band-gap  energy  but  is  above  the  energy  of  excita¬ 
tion  of  the  surface  states,  e-h  pairs  or  excitons  having 
two-dimensional  extension  are  produced.  There  is  a 
variety  of  two-dimensional  e-h  pairs  or  excitons.  for 
example  those  consisting  of  electrons  in  unoccupied 
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atoms  Horn  the  v.. the  excited  sites  and  hence 
sputtering  In  solids  having  a  large  electron  and  hole 
dilfusiv  itv .  the  interaction  between  the  mobile  entitv 
and  defect'  will  d.  minute 

Men/el  and  (.miner  [41]  and  Redhead  [42]  have 
suggested  that  desorption  can  be  induced  by  valence- 
electron  excitation  if  an  antibonding  tvpe  adiabatic 
potential  energy  surface  is  formed,  which  brings  an 
atom  out  of  the  surface  The  e  h  pairs  or  excitons 
having  three-  or  tw ..-dimensional  extension  cannot  form 
an  MGR-type  adiabatic  potential  energy  surface,  unless 
the  energy  possessed  by  the  electron-hole  pairs  or  exci¬ 
tons  is  localized.  Thus  there  are  two  conditions  for 
desorption  to  be  induced  bv  valence-electron  excitation: 
localization  of  wave  functions  and  existence  of  the 
antibonding  or  bond-breaking  potential  surface  on  the 
localized  site. 

In  a  crystal  with  a  strong  electron -lattice  coupling, 
such  as  alkali  halides  and  alkaline  earth  fluorides,  exci¬ 
tons  and  holes  are  localized,  producing  self-trapped 
excitons  and  self-trapped  holes,  respectively  [43],  A 
self-trapped  hole  is  often  converted  to  a  self-trapped 
exciton  by  trapping  an  electron.  It  is  known  also  that  a 
self-trapped  exciton  in  the  bulk  possesses  structural 
instability  and  is  converted  to  a  Frenkel  pair  comprising 
a  vacancy  and  an  interstitial  in  the  halogen  sublattice 

[44] ,  Desorption  of  halogen  atoms  can  be  ascribed  to 
the  instabihtv  of  self-trapped  excitons  near  the  surfaces 

[45] :  an  exciton  near  the  surface  is  eventually  decom¬ 
posed  into  a  halogen  vacancy  and  an  emitted  halogen 
atom.  Thus  self-trapping  of  excitons  provides  a  sue  for 
the  localization  of  the  energy  possessed  by  an  exciton  or 
electron-hole  pair.  Furthermore,  the  energv  possessed 
by  localized  excitons  is  converted  partly  to  the  kinetic 
energy  of  atoms  being  emitted.  It  follows  that  self-trap¬ 
ping  of  an  exciton  can  satisfy  the  two  conditions  for 
formation  of  a  MGR-type  adiabatic  potential  energy 
surface  at  least  for  the  anion  sublattice.  We  suggest  that 
sputtering  is  induced  by  formation  of  self-trapped  exci¬ 
tons  near  the  surface  and  call  this  process  the  self- 
trapped-exciton  mechanism  of  sputtering.  =l  When  ex¬ 
citon  self-trapping  is  the  cause  of  sputtering,  one  ex¬ 
pects  a  linear  dependence  of  the  sputtering  vield  on  the 
density  of  excitation  [7]  as  seen  in  fig.  1. 

In  materials  with  weak  electron- lattice  coupling  in 
which  excitons  are  not  self-trapped,  as  in  senuconduc- 

According  to  Postawa  el  al  |46)  excitation  near  the  surface 
within  a  depth  of  100  A  results  in  sputtering  The  diffusion 
of  free  excitons  and  e-h  pairs  to  the  surface  may  be 
involved  in  the  depth  described  above,  while  the  instabihtv 
of  self-trapped  exciton  may  occur  only  within  a  few  layers 
Neither  experimental  nor  theoretical  information  is  vet 
available 
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tors.  defects  and  impunties  on  the  surfaces  can  also  act 
as  localization  sites.  Almost  no  information  is  yet  avail¬ 
able  for  defects  with  localized  electrons,  holes  or  exci- 
tons  on  surfaces,  although  it  is  known  that  interaction 
of  bulk  defects  or  impurities  with  electrons,  holes  and 
excitons  produces  metastable  states  accompanied  by 
tremendous  lattice  relaxation  [47],  Therefore,  it  is  con¬ 
ceivable  that  interaction  of  electrons,  holes  or  excitons 
with  defects  on  surfaces  causes  emission  of  neighboring 
atoms. 

It  is  convenient  to  divide  nonmetals  into  two  groups: 
group  A.  in  which  neither  holes  nor  excitons  are  self- 
trapped  (48].  and  group  B.  in  which  either  of  them  is 
self-trapped.  The  typical  materials  belonging  to  both 
groups  are  listed  in  table  1.  We  note  a  substantial 
difference  between  the  sputtering  characteristics  for 
group  A  and  group  B  nonmetals.  In  group  B  nonmetals. 
desorption  is  induced  even  by  conventional  light  beams 
in  proportion  to  the  density  of  excitation,  as  in  alkali 
halides.  For  CaF;  [49]  and  SiO-  [50.51],  which  belong  to 
group  B.  the  build-up  of  cation-rich  layers  by  photoex¬ 
citation  has  been  observed. 

On  the  other  hand,  ejection  of  Ga  atoms  and  ions 
from  the  GaP  surfaces  was  not  detected  with  28  ns  laser 
pulses  up  to  about  0.05  J/ cm  *  (by  a  sensitivity  of 
approximately  10“'  monolayer)  and  desorption  which 
can  be  definitely  ascribed  to  defect  sites  arose  only 
when  the  laser  intensity  was  increased  beyond  a  certain 
value  [30].  It  has  been  suggested  that  localization  of  two 
holes  on  a  lattice  site  is  required  to  produce  sputtering 
in  the  group  A  material  (two-hole  mechanism  [2]). 

It  is  clear  that  these  two  cases  represent  the  extreme 
ends  of  a  spectrum  of  behaviors.  The  ferroelectrics.  for 
example,  have  vacancy-type  defects,  but  it  is  not  known 
how  the  soft  phonon  modes  are  implicated  in  the  re¬ 
laxation  process  preceding  defect  formation.  Fience.  it  is 
not  yet  known  whether  AGO,  [52]  and  LiNbO,  should 
he  assigned  to  group  A  or  B. 

In  the  following  we  try  to  understand  the  conditions 
under  which  the  desorption  is  induced  in  semiconduc¬ 
tors  carefullv  and  examine  oossible  mechanisms  of  de- 
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According  to  experimental  observation  of  GaPillU) 
and  (111),  excitation  of  surface  states  induces  desorp¬ 
tion  Therefore  we  discuss  mainlv  the  effects  of  excita¬ 
tion  of  the  surface  states,  assuming  that  the  densitv  of 
excitation  is  high  and  that  Auger  recombination 
dominates  [53]  The  kinetic  equation  for  the  con¬ 
centration  of  e-h  pairs  at  the  surface,  is  given  bv 

dns  ,  , 

77  =  <V>\  +  ip rnh-  C>,  -  ”h)-  (1) 

where  a ,  is  the  cross  section  for  exciting  the  surface 
states,  p  is  the  photon  flux.  ,Vs  is  the  atomic  densitv  at 
the  surface,  r;  the  probability  that  the  three-dimensional 
e-h  pairs  are  converted  to  two-dimensional  e-h  pairs,  <■ 
the  average  velocity  of  electrons  and  holes  in  the  con¬ 
duction  and  valence  band.  nh  is  the  steady -state  bulk 
concentration  of  the  e-h  pairs  during  irradiation,  and 
C  ar>d  C  are  Auger  recombination  rates  for  surface- 
surface  and  surface- bulk  processes.  The  second  term  is 
the  rate  by  which  the  bulk  excitons  are  converted  to  the 
surface  excitons  [54].  The  third  term  is  for  Auger  recom¬ 
bination  among  surface  e-h  pairs  and  the  last  term  is 
for  Auger  recombination  between  surface  and  bulk  elec¬ 
tron-hole  pairs  The  two-hole  localisation  at  defect 
sites  which  is  considered  to  cause  desorption  as  de¬ 
scribed  later,  is  not  included  in  the  kinetic  equation, 
since  Us  contribution  to  n ,  is  small  In  eq.  (1).  the 
following  relation  holds  for  nh  under  dense  excitation 
where  the  Auger  recombination  dominates  [53.55]: 


where  V  is  the  number  of  atoms  per  unit  volume  in  the 
bulk.  oh  is  the  single  photon-excitation  cross  section  for 
the  bulk,  of,"’  is  the  w-photon  bulk  absorption  cross 
section  and  Cb  is  the  Auger  recombination  rate  in  the 
three-dimensional  system.  Mere  we  presume  that  the 
kinetic  energies  of  the  holes  and  electrons  are  suffi¬ 
ciently  low  not  to  cause  impact  ionization 

A  semi-quantitative  discussion  of  eqs.  ( 1 )  and  (2)  will 
reveal  which  terms  dominate.  For  irradiation  with  a  1 
J/cnr  laser  pulse  of  GaP  at  620  nm.  one-phoion  optical 
absorption  coefficient  is  essentially  zero  [56]  and  the 
two-photon  absorption  cross  section  is  known  to  he  4 
x  10  cm4  s  [57],  With  this  value  for  the  cross  section, 
it  has  been  shown  that  the  number  of  e-h  pairs  gener¬ 
ated  by  a  pulse  is  only  10* 'em’  ’  [30]  Then  the  second 
and  fourth  term  in  eq.  (1)  can  be  neglected  Using  the 
value  of  the  two-dimensional  Auger-recombination 
rates.  3.2  *10  1  cm4  s  1  estimated  on  simple  dimen- 
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Mon.il  argument-'  [5Sj.  we  evaluated  the  vonccimation  ot' 
the  mii  face  fractional  electron  hole  pair  concentration 
to  he  il.Orv  I  tuo  a  fractional  concentration  ot  tills 
magnitude  appears  to  he  sufficient  to  produce  sputter¬ 
ing 

In  alkali  halides  and  alkaline  earth  fluorides,  low - 
densitc  electronic  excitation  produces  sputtering,  be¬ 
cause  of  self-trapping.  Thus,  a  small  number  of  multi¬ 
photon  excitations  can  cause  sputtering  and  produce 
defects  on  surfaces,  and  the  second  term  in  eq.  (2)  is 
probably  responsible  for  sputtering.  Since  defects  thus 
generated  can  absorb  subgap  photons,  the  multi-photon 
processes  associated  with  defects  may  also  contribute  to 
sputtering,  as  suggested  by  Matthias  and  Green  (17). 

Irradiation  with  310  nm.  1  J  enr  laser  pulse,  above 
the  direct  band-gap  energy,  may  produce  bulk  e-h  pairs 
at  a  fractional  concentration  of  0.02.  according  to  eq. 
(2).  in  which  the  experimentally  obtained  value  [59]  of 
Gh  was  used.  Using  this  value  of  =  nh.  we  found  that 
the  second  term  of  eq.  (1)  was  300  times  larger  than  the 
first  term  if  rj  =  1.  Thus  bulk  excitation  affects  the 
desorption  in  two  opposite  ways:  by  increasing  the 
supply  of  e-h  pairs  on  the  surface  and  by  enhancing  the 
Auger  recombination  through  the  fourth  term  in  eq.  (1). 
The  fact  that  these  effects  oppose  each  other  may 
explain  why  the  threshold  laser  fluence  for  GaP  is  not 
changed  drastically  as  the  band-gap  energy  is  crossed. 

J.  J.  Desorption  and  surface  damage 

Since  there  is  no  self-trapping  of  excitons  in  group  A 
non-metals,  we  consider  the  possibility  that  localization 
of  electronic  excitation  energy  on  surface  defect  sites 
results  in  bond  breaking.  =;.  It  has  been  suggested  by 
Wu  [60]  that  defect-related  Auger  transition  is  the  cause 
of  laser-induced  sputtering.  We  discuss  defect-related 
localisation  of  electron-hole  pairs.  First  we  discuss  the 
consequences  of  desorption  from  defect  sites  on  surfaces 
and  secondly  we  discuss  the  conditions  required  for  the 
sputtering  to  take  place. 

If  an  atom  near  a  defect  site  on  the  surface  is  ejected 
because  of  the  localisation  of  the  e.xciton  or  e-h  pair 
energy,  the  number  of  defects  will  be  changed.  Let  .VD 
be  the  number  of  defect  sites  per  unit  area  responsible 
for  sputtering  and  let  irradiation  with  dn  laser  pulses 
emit  d.VF  atoms  per  unit  area  from  the  surface.  We  put 

d  ,VF  =  y,VD  d  n .  (3) 

where  Y  is  the  yield  of  sputtering  per  defect  during  a 
single  laser  pulse.  Y  includes  both  the  cross  section  of  a 
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In  the  previous  papers,  the  possibility  that  the  desorption 
arises  from  the  localization  of  two  holes  at  surface  perfect 
sites  was  invoked  [27-31.61-64],  This  possibility  cannot  vet 
be  excluded,  al’hough  two-hole  localization  through  defect 
sites  is  more  favorable  as  is  being  discussed 


defect  site  for  energy  localization  and  the  efficienev  for 
the  election  In  eo  i3i  V,  implies  the  number  of  the 
defect  sites  that  can  act  as  the  localisation  sues  indepen¬ 
dently  . 

I  here  are  three  tvpica!  defect  ivpes.  each  with  a 
distinctive  mode  of  evolution  as  the  laser  irradiation 
proceeds.  If  the  defect  is  an  adatom,  desorption  from  a 
defect  site  restores  the  perfect  lattice.  It  follows  that 

d  V,  =  -  d.V„. 
and  hence 

3d  =  ,V|"  exp(  -  Yn  ).  (4) 

where  V,'[  is  the  concentration  of  defects  prior  to  the 
start  of  irradiation.  In  this  case  the  desorption  yield  is 
diminished  as  the  laser  irradiation  is  repeated.  If 
adatoms  are  clustered  or  form  an  island,  the  defect  sites 
responsible  for  desorption  are  only  at  the  periphery  and 
the  defect  sites  are  not  eliminated  by  sputtering.  Sup¬ 
pose  that  the  island  is  a  circle  with  a  large  radius  r. 
d.Vj;  =  d (r2/a2),  while  d.VD  =  2tt  d (r/a).  Thus,  in 
a  first-order  approximation,  we  obtain  d.VF  = 
-  d  ,V^/4tt.  and  hence  VD  =  V,"  -  const,  x  n.  using  eq. 
(3).  Thus,  the  relation  between  the  number  of  particles 
emitted  per  pulse  and  the  number  of  shots  for  cluster- 
initiated  sputtering  shows  only  a  slow  decrease  and  can 
not  be  distinguished  from  the  step-initiated  sputtering. 
If  islands  are  decomposed  into  small  clusters  of  adatoms, 
eq.  (4)  holds. 

For  the  second  type  of  defect,  the  step,  the  defect 
sites  responsible  for  sputtering  are  only  at  the  step 
edges,  but  not  on  the  terrace.  If  the  sites  at  the  step  edge 
act  successively  as  localization  sites  for  excitation  en¬ 
ergy  and  eliminate  a  row  of  atoms  on  the  step  edge, 
there  is  no  increase  in  the  number  of  the  defect  sites, 
but  only  displacement  of  the  step  edge.  A  more  realistic 
picture  of  this  process  is  that  the  kink  on  the  step  edge 
acts  as  the  site  for  localisation  until  the  kink  has  beer, 
traversed  from  one  end  to  the  other.  Aside  from  the 
details  of  the  microscopic  processes  of  evolution  of 
sputtering  from  steps,  we  can  consider  that  ejection  of 
atoms  from  steps  does  not  influence  the  number  of 
defect  sites  responsible  for  sputtering.  Thus,  in  this  case 
we  expec.  dnF  »  dnn  -  0.  and  hence  nn  =  const. 

If  an  atom  is  ejected  by  localization  of  excitation 
energy  in  a  surface  vacancy  cluster,  the  size  of  the 
cluster  increases.  If  the  size  of  the  vacancy  cluster  is 
small,  we  expect  that  each  vacancy  site  acts  as  an 
independent  localization  center.  Then  we  obtain 

d.v,  =  d.VD. 

and  hence 

N0=  N°exp(Yn).  (5) 

If  the  size  of  a  vacancy  cluster  increases,  the  relation 
between  dn,.  and  dnD  is  similar  to  that  for  islands. 


ws* 


i  is. ..  Hi.;  .he:  . •;  deles :  'its-'  become'  constant 

\\  •).  i,  ..  .  •  ,  -  ;  i ,  !  r  roxmitl  v  .  .• 

the  on  i!k'  'n‘j'  'iiil.ivi-  'tail  to  serve  as  nuclca- 

t ik mi  mu-',  h't  evolution  ol  siirtaic  vusanev  clusters 
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eoiuhtion.  the  damage  /one  ean  grow  in  t he  direction 
perpendicular  to  the  suitaee  ll  sputtering  occurs  at 
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I  he  rapidk  falling  component  shown  in  fig.  6tai 
follows  eq  (4)  and  is  considered  t v ’  be  due  to  adatoms 
li  is  followed  bv  a  component  for  which  the  defect 
concentration  is  a  constant  We  suggest  that  this  com¬ 
ponent  is  initiated  b\  steps:  the\  ma\  include  large 
islands  as  well  The  V(>  versus  n  relation  aboce  the 
damage  threshold  seen  in  fig  6(h)  follows  eq  ( 5 1  for 
small  n  and  becomes  constant  at  larger  n.  and  is 
considered  originated  from  vacancies.  Progressiveh 
higher  laser  fluence  is  needed  to  desorb  from  adatom 
sites,  steps  and  vacancies.  The  sputtering  from  fluorides 
observed  be  Matthias  and  co-workers  (13-17)  is  also 
considered  to  arise  from  defect  sites.  The  high  power 
dependence  indicates  that  the  excitation  of  the  defect 
sites  and  simultaneous  excitation  erf  the  valence  elec¬ 
trons  near  the  defect  sites  enhances  sputtering. 

We  have  alreadc  pointed  out  that  the  surfaces  are 
either  improved  or  damaged  by  laser  irradiation,  de¬ 
pending  on  the  sputtering  source.  We  should  mention 
that,  particularly  for  subgap  photons,  the  surface  opti¬ 
cal  absorption  coefficient  increases  as  the  surface 
damage  evolves.  Thus  once  the  vacancy-type  defects 
become  efficient  centers  of  desorption,  an  increase  in 
the  surface  optical  absorption  coefficient  for  subgap 
photons  will  result  and  enhance  the  damage  evolution. 
1  herefore.  it  is  conceivable  that  in  a  sputtering  experi¬ 
ment  which  uses  a  relatively  large  laser  fluence.  the 
initial  stages  of  surface  damage  is  the  same  as  that  for 
high-sensitic itv  measurements  described  above,  but  fur¬ 
ther  damage  evolution  and  sputtering  in  a  single  pulse  is 
enhanced  due  to  the  evolution  of  the  damage  at  the 
initial  stage  This  consideration  explains  the  fact  that 
the  '  threshold  laser  fluence'  obtained  with  less  sensitive 
methods  is  approximately  the  same  as  those  obtained 
with  sensitive  methods 

d  4  Hand  break  my. 

It  has  been  suggested  bv  Van  Vechten  et  al  [to]  that 
excitation  of  valence  electrons  weakens  the  bonds  1  hey. 
suggest  that  the  bond  strength  on  average  is  weakened 
in  the  presence  of  manv  holes  having  Bloch-tvpe  wave 
functions  The  bond  weakening  sunplv  hv  producing 
dense  excitation  cannot  be  effective,  since  each  bond  in 
the  crvstal  is  weakened  by  the  same  fraction  as  the 


plasma  it'c'-  ..:;i'M  spiiucim-.-  |<-  !  <  hi  the  otiie-  i.uid. 
it  sell -tiappm .  ol  an  cxciton  or  e  h  [van  is  localized  in 
a  specitiv  lattice  site  the  ellectiveness  lor  bond  break¬ 
ing  is  enhanced  In  manv  cases  the  soll-tr..pped  exciions 
m  the  bulk  involve  svmmetrv  breaking  relaxation  |66| 
Such  an  usvinmetiwul  distortion  near  the  surface  max 
results  ditectlv  in  desorption  [6Sj  1  his  is  the  case  for 
bond-breaking  to  he  induced  bv  localization  of  a  single 
cxciton  in  '".pc  B  material 

We  point  out  the  role  of  the  Madelung  potential  m 
sput'ering  due  to  bond  weakening  hv  hole  localization 
!  -vah/ation  o!  a  hole. on  a  cation  adatom,  for  example, 
increases  the  positive  charge  of  the  cation,  increasing 
the  stabihtv  I  hus.  the  bond  weakening  is  compensated 
bv  the  Madelung  force,  whose  value  at  the  surface  does 
not  differ  from  that  in  the  bulk  in  ionic  crvstals  [6d).  On 
the  contrary,  both  the  Madelung  force  and  the  covalent 
blind  weakening  favor  the  election  of  the  anions  Thus, 
we  consider  that  desorption  of  cations  is  the  rate-limit- 
mg  process  for  atomic  ejection  from  compound  surfaces, 
for  which  stoichiometry  should  be  maintained  during 
desorption 

Turning  to  tvpe  A  materials,  we  find  that  experimen¬ 
tal  results  for  Cia  desorption  from  CiaP  indicate  that  the 
desorption  of  Cia  neutrals  does  not  occur  at  low  laser 
fluences.  Hence  one-hole  localization  on  a  defect  site  is 
not  sufficient  to  induce  desorption.  The  superlinear 
dependence  of  the  desorption  yield  on  the  laser  fluence 
suggests  that  the  desorption  is  induced  only  when  the 
density  of  excitation  is  high.  Itoh  and  Nakay  atria  [61] 
suggested  that  sputtering  is  induced  by  the  negative-C 
localization  of  two  holes  at  surfaces:  two  holes  are 
localized  by  the  lattice  relaxation  along  the  configura¬ 
tion  coordinates  that  eventually  lead  to  ejection  of  an 
atom.  Here  we  consider  the  energetics  for  desorption  bv 
two-hole  localization 

The  condition  for  the  two-hole  localization  on  defect 
sites  in  the  bulk  of  solids  has  been  given  hv  Anderson 
|70j.  hxpressing  the  on-site  Coulomb  repulsion  energv 
by  L  and  the  electron  lattice  relaxation  energv  bv  ElK. 
the  condition  for  two-hole  localization  is  /  cft  =  C - 
/:’,  K  -  (t.  The  tiegalive-f  interaction  was  first  proposed 
for  amorphous  materials  to  explain  the  absence  of 
paramagnetic  impurities  or  defects  The  present  sugges¬ 
tion  is  an  extension  of  this  idea  to  surface  defects 

We  presume  that  two  electrons  in  the  conduction 
band  are  bound  at  the  two-hole  localized  site:  thus  the 
site  possesses  twice  the  normal  surface  excitation  en¬ 
ergv.  The  energetics  of  the  desorption  from  a  two-hole 
localized  site  can  be  treated  using  a  Born  Haber  cycle 
Referring  to  table  2.  two  holes  produced  from  the 
perfect  lattice  (PI  )  bv  ionization  are  localized  bv  a 
defect  site  To  hxahze  two  holes  the  Coulomb  repulsion 
energv  (  is  needed  but  energv  2/.,  is  g;  med.  where  /, 
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i-.  the  energx  depth  of  the  ir.tp  sue  Suppose  that  the 
two-hole  localized  state  relaxes,  resulting  in  emission  of 
a  Gn  atom  hx  converting  the  two-hole  excitation  energx 
to  the  lattice  relaxation  energx  causing  the  emission.  In 
this  process,  the  lattice  relaxation  energy  £,  K  is  gained. 
B\  putting  a  <  ia"  atom  hack  on  the  defect  site,  the 
perfect  lattice  is  restored  at  a  cost  of  the  vaporization 
energx  Smee  the  energx  for  the  entire  cvcle  is  zero, 

we  obtain 

Loff=C-£lR  =  E\.,r-  2<£gjp-£,).  (6) 

where  £  is  the  hand-gap  energx.  From  eq.  (6)  it  is 
clear  that  L  of(  is  negative  if  the  vaporization  energx  is 
smaller  than  twice  the  energx  to  create  an  e-h  pair  on  a 
defect  site.  This  cycle  is  represented  graphically  in  fig  8. 
where  we  assume  that  the  reaction  coordinate  of  the 
lattice  relaxation  is  the  one  to  repel  an  atom  out  of  the 
.  surface. 

Csing  eq.  (6).  it  is  clear  that  the  criterion  for  the 
negative- i  interaction  to  he  effective,  i.e.,  for  the  bond 
breaking  to  take  place,  depends  on  the  relative  magni¬ 
tude  of  the  energy  £vjp  to  take  an  atom  from  a  defect 
site  and  twice  the  energx  ( £gap  -  £, )  to  excite  an  elec¬ 
tron  on  the  defect  site.  £vap  is  given  approximately  by 
the  difference  betw-een  n£coh  and  the  relaxation  energy 
after  evaporation,  where  n  is  the  number  of  bonds  and 
£,.oh  is  the  cohesive  energy  per  bond.  Since  £coh  for 
GaP  is  1.78  eV  [71]  and  the  indireci  band-gap  energy  is 
2.4  eV.  it  is  energetically  favorable  for  two-hole  localiza¬ 
tion  at  a  surface  defect  site,  where  atoms  are  doubly 
bonded,  to  eject  a  Ga  atom. 

We  note  the  difference  in  the  negative- £  type  twe- 
hole  localization  and  the  two-hole  localization  arising 
from  core  excitation  suggested  bv  Feibelman  and 
Knotek  [72],  Aside  from  the  difference  that  the  former 
occurs  at  defect  sites  and  the  latter  in  perfect  sites,  the 
core  excitation  also  produces  a  localized  two-hole  state 
within  1  fs,  while  the  negative- C  type  localization  re¬ 
quires  a  lattice  rearrangement  and  hence  takes  about  1 
ps.  Thus  the  two-hole  localization  after  core  excitation 
occurs  without  being  preceded  by  lattice  relaxation. 
Either  Coulomb  repulsion  in  ionic  crystals  or  bond¬ 
weakening  assisted  by  Coulomb  repulsion  in  less  ionic 
solids  can  produce  desorption  (73|. 


Table  2 

A  Bom-Flaber  cycle  describing  the  two-hole  mechanism  of 
di  orpuon 

PL  —  2e  +  2h  2E^p 

Defect  +  2h  —  (Defect)2h  U-2E, 

( Defect ) 2h  w2e  -Ga0(vacuum)  +  (Defect)nl)„ingGil  -  £LR 
Ga°(vacuum)  +  (Defect )mi„ing Ga  -  PL  -  £sap 

2£jap  +(£-2 £,)-  £(.„  -  £vlp  =  0 


$  Adatom 

Surface 

~"S  ' 
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Fig  8  (a)  A  schematic  adiabatic  p  itential  energy  surface 
representing  the  desorption  induced  b.  two-hole  localization  at 
a  defect  site  and  (bi  a  schematic  diagram  describing  desorp¬ 
tion  The  coordinate  r  is  the  distance  between  two  holes,  one 
of  which  is  trapped  at  a  defect  site  and  the  other  in  the  valence 
band,  and  Q  the  amount  of  displacement  of  the  desorbed 
atom.  £gjp  is  the  band  ga;  ...ergy,  2 £,  the  energv  gained  bv 
trapping  two  holes  at  the  defect  site  and  £,jp  is  the  energv  for 
vaporization  of  atoms  at  the  defect  site  The  screened  Coulomb 
repulsive  potential  between  two  holes  in  a  dense  electron  hole 
plasma,  can  be  tunneled  by  the  hole  having  high  kinetic  energy 
because  of  thermal  activation  or  degeneracy.  When  energv 
£  =  2(  £gjp  -  £, )  -  £  >  0.  desorption  can  be  induced  bv 

two-hole  localization 

We  consider  that  the  two-hole  localization  occurs 
only  under  dense  electronic  excitation  because  of  two 
factors:  the  reduction  of  the  Coulomb  repulsion  energy 
by  screening  in  an  e-h  plasma  [61];  and  the  enhance¬ 
ment  of  the  hole  energy  because  of  the  degeneracy  [64], 

4.  Concluding  remarks 

Only  recently  has  nonthermal  lase-  sputtering  from 
insulators  and  semiconductors  been  found,  and  us  gen¬ 
eral  features  and  mechanism  remain  unclear.  The  pres¬ 
ent  paper  has  reviewed  the  current  status  of  understand¬ 
ing  and  pointed  out  the  underlying  problems  and  use¬ 
fulness  of  laser  sputtering  for  surface  analysis  It  ap¬ 
pears  that  there  are  many  problems  of  scientific  and 
technological  interest  to  be  explored.  Some  of  these  are 
summarized  below. 

( 1 )  In  many  insulators  (type  B).  in  which  excitons 
are  self-trapped,  sputtering  is  observed  even  under  con- 
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xcntion.il  light  beams  which  induces  band-;, -band  exci¬ 
tation  and  in  this  case  the  \ield  o  proportional  to  the 
photon  intensity:  single-photon  hand-to-hand  excitation 
can  cause  sputtering. 

(2)  Laser  sputtering  in  materials  in  which  excitons 
ate  '-elf-trapped  (type  Bi  can  arise  from  hulk  or  surface 
multi-photon  absorption  and  from  cumulative  effects  ol 
defect  generation  b\  multi-photon  absorption  and 
sputtering  from  defects  thus  generated  The  'incubation 
ef'ec:'  n  LiNbO,  is  one  example  of  this  process  of 
.umulatixe  defect  generation  For  materials  in  which 
excitons  are  not  self-trapped  (t>pe  Ai.  low-densitx  exci¬ 
tation  does  not  induce  sputtering,  and  hence  multi-pho¬ 
ton  absorption  cannot  make  anx  contribution.  In  these 
materials,  sputtering  is  induced  when  the  excitation 
density  exceeds  a  threshold  value.  Whether  the  threshold 
is  real  or  it  is  simply  apparent  because  of  superlinear 
dependence  is  still  an  open  question 

(3)  It  has  been  suggested  that  sputtering  in  materials 
in  which  excitons  are  not  self-trapped  is  induced  b> 
two-hole  localization  on  defect  sites  Anx  microscopic 
theoretical  approach  to  reveal  the  problem  is  of  interest 
Possibihtx  of  two-hole  localization  on  the  perfect  sites 
of  the  surface  still  ha  -  to  be  examined,  but  can  nrobahly 
be  estimated  under  reasonable  assumptions 

(4)  Laser-induced  sputtering  bx  photons  of  subgap 
energies  are  indeed  observed  in  GaP.  in  which  subgap 
surface  states  exist.  The  sputtering  has  been  ascribed  to 
two-dimensional  excitons  or  electron- hole  plasma  at 
the  surface.  It  is  of  interest  to  understand  the  nature  of 
the  two-dimensional  electron -hole  plasma,  particularly 
phonon-mediated  interaction  with  defects  and  possible 
two-hole  localization  on  defect  sites.  There  appears  to 
be  no  reason  why  sputtering  should  not  be  obserxed  in 
other  materials  with  the  same  electronic  structure.  In¬ 
deed.  laser  desorption  max  be  a  sensitive  test  for  the 
existence  of  such  stales. 

(5)  It  is  of  interest  to  understand  the  difference  in 
the  laser-induced  sputtering  by  photons  having  subgap 
energies  and  those  having  energies  above  the  band-gap 
energies.  The  problem  may  be  related  to  the  relative 
contributions  of  two-dimensional  and  three-dimensional 
excitons  to  lattice  relaxation,  and/or  the  transfer  from 
two-  to  three-dimensional  character  It  is  also  of  interest 
to  studx  laser-induced  sputtering  in  other  compound 
semiconductors  in  which  the  subgap  surface  states  do 
not  exist. 

(6)  It  is  clear  that  most,  though  not  all.  laser-induced 
sputtering  from  compound  semiconductors  involves  in¬ 
teraction  of  excitation  with  defects.  A  classification  of 
defects  has  been  made  from  the  dependence  of  the 
sputtering  yield  on  the  number  of  laser  pulses.  It  is  of 
great  interest  to  correlate  the  laser-induced  sputtering 
behavior  with  the  detailed  nature  of  the  defects.  This 
might  be  obserxed.  for  example,  by  means  of  scanning 
tunneling  microscopy. 


a/.' 
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elected  ;n  nonthcrm.ii  ;.i'-cr  induced  sputter  me  the 
measurement'  can  provide  a  u-eful  technique  o!  deleft 
and  impuntx  analxsu  <•:  the  suilav.es  li  is  ol  interest  lo 
use  the  technique  for  compound  semiconductors  other 
than  G.;f’ 
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ABSTRACT 

Wf  have  investigated  laser  ablation  of  excited  atoms  from  the  ferroelectncs  LiNbO',  and  KNbO; 
at  305  nm  .  Comparisons  of  the  yields  for  O”.  is’  and  Nb*  from  pure  and  undoped  KNbO  3 
show  the  effects  of  changing  intensity,  surface  condition  and  irradiation  time  on  the  yield  of 
evened  atoms.  Below  about  20  GNV  cm  '.  the  mechanisms  for  production  of  evened  atoms 
differ  among  the  various  species:  above  that  intensity,  the  production  of  a  dense  electron-hole 
plasma  appears  to  impart  a  collective  character  to  the  ablation  mechanism 


Introduction  and  Motivation 


Lithium  niobate  has  been  for  many  years  the  workhorse  of  nonlinear  optics 
technology,  and  is  currently  in  wide  use  for  frequency  up-conversion.  acousto¬ 
optic  devices  ( 1  ]  and  optical  switching  |21.  More  recently,  potassium  niobate  has 
attracted  attention  as  a  ring  resonator  for  frequency  doubling  diode  lasers  into  the 
blue  region  of  the  spectrum  1 3} .  These  applications  naturally  generate  concern 
tor  high-intensity  laser-induced  damage  to  the  surfaces  of  this  material,  arid  for 
the  potential  reduction  in  ablation  yield  from  selective  doping.  In  addition, 
because  these  materials  are  not  easily  processed  by  ordinary  chemical  or 
mechanical  techniques,  lasers  [4]  and  ion  beams  |5|  are  being  considered  for 
micromachining  and  direct  writing  in  optoelectronic  circuits  (6|  made  from  these 
materials.  Last  but  surely  not  least,  the  unusual  electronic  structure  of  these 
materials  offers  intriguing  possibilities  for  creating  the  localized  lattice  distortion 
which  is  the  precursor  of  lascr-induccd  desorption  and  ablation. 


Lxpcrimental  Apparatus  and  Measurements 

The  experimental  setup  is  shown  in  Figure  1.  Samples  of  commercial 
LtNbOj  and  Czochralski-grown  KNbOy  were  mounted  in  an  ultrahigh  vacuum 
chamber  with  a  base  pressure  of  Kh9  torr.  Some  of  the  KNbOa  samples  were 
doped  with  Na  (-1  9c)  and  Mg  (-500  ppm).  A  Lumonics  Hyper-Ex  460  laser  with 
a  maximum  energy  of  180  mJ  at  308  nm  provided  the  ablating  pulses;  the  pulse 
length  was  of  order  12  ns  FWHM.  Laser  light  was  focused  onto  the  target  at 
normal  incidence  by  a  30-cm  focal  length  lens  to  form  a  focal  spot  approximately. 
150  pm  x  250  pm.  To  avoid  artifacts  from  changes  in  the  focal  spot,  the  laser 
pulse  energy  was  adjusted  over  the  range  from  60  to  180  mf/pulse  by  changing  the 
discharge  voltage  on  the  laser  head;  the  voltagc-v.v. -pulse  energy  curve  was 
calibrated  by  means  of  a  Scientcch  ultraviolet  calorimeter.  These  pulse  energies, 
for  the  measured  focal  spot,  correspond  to  an  intensity  range  of  13-36  GW  cm  -, 
well  above  the  plasma  formation  threshold.  An  Apple  Macintosh  microcomputer 
controlled  the  liming  of  the  laser  pulse  and  the  entire  data  acquisition  sequence. 
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[  igln  excited  atoms  m  i!ic  ablation  plume  w.,s  detected  at  an  angle 

-15'’  to  the  surface  nonnal  and  focused  onto  the  entrance  slit  ot  a  Macpherxon  2 :  S 
Czemy-Turner  spectrometer  with  a  ihom  (-Ml  photomultiplier  tube  Pulses 
from  the  photomultiplier  were  amplified  and  summed  in  a  Stanford  Research 
gated  integrator  (SR  24?)  for  an  integration  time  of  300  ns  following  the  start 
pulse  provided  b\  the  external  trigger  signal.  The  grating  spectrometer  was 
scanned  by  a  stepping  motor  controlled  by  the  microcomputer.  Yields  were 
obtained  by  subtracting  a  linear  background  from  the  Gaussian  peak. 


f  igure  1.  Apparatus  for  uv  laser  ablation  measurements. 
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Figures  2  and  3  show  typical  spectra  obtained  by  scanning  the  spectrometer 
w  ith  one  laser  pulse  pier  point.  To  study  the  behavior  of  different  spiecies,  spectral 
gates  were  set  and  data  collected  in  a  range  of  typically  twenty  points  around  each 
peak.  This  gave  a  reasonably  rapid  data  acquisition,  and  yielded  a  run-to-run 
reproducibility  of  the  pieak  integration  of  order  ±  10%. 


Figure  2  Spectral  scan  in  the  range 
from  400  to  500  nm,  showing  the  Nb* 
signal  at  406  nm  from  laser  ablation  of 
Mg:KNb0.v 


Figure  3.  Spicctral  scan  over  the  range 
760-780  nm  showing  the  fluorescence 
from  k*  and  O*  atoms  ablated  by  uv 
laser  from  MgtKNbOj. 


Some  clues  to  the  ablation  mechanism  can  be  seen  from  the  appeal. nice  or 
lack,  thereof  -  of  certain  lines  in  the  spectra.  The  alkali  lines  are  the  familiar 
resonance  lines,  as  one  might  guess.  Ilie  0*  line  -  the  777  nm  doublet  ■  has  a 
parent  state  lying  close  to  the  ionization  limit:  however,  we  do  not  see  cascade 
transitions  we  might  expect  from  this  state,  suggesting  selective  multiphoton 
excitation  of  ground-state  oxygen  in  the  laser  plume  'Idle  table  below  lots  some 
of  the  r.r.nor  transitions  used  to  track,  the  ablation  process  in  our  experiments. 
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If xpen mental  Measurements 

We  focus  here  on  three  types  of  measurements  on  KNbO y.  ( l )  excited  atom 
yields  as  a  function  of  laser  intensity:  (2)  relative  intensity  of  impurity  vs. 
intrinsic  atoms  from  the  various  crystals;  and  (3)  excited  atom  yield  as  a  function 
of  shot  number.  We  w  ill  focus  particularly  on  those  features  of  the  data  which 
may  reflect  the  signatures  of  electronic,  rather  than  thermal,  ablation 
mechanisms.  More  details  of  laser  ablation  experiments  on  both  LiNbOj  and 
KNbO.;  are  contained  in  two  forthcoming  publications  [ 7 ]. 


Measurements  of  the  intensity  or  fluence  dependence  of  different  excited 
species  furnish  important  clues  to  the  mechanism  of  ablation.  Figure  4  compares 
the  intensity  dependence  of  Nb’  (406  nm).  K'  (767  nm)  and  O*  (777  run)  over  the 
laser-pulse  energy  range  from  60  to  160  mJ,  using  the  standard  log-log  plot. 
While  all  s;>ecies  show'  an  initial  steep  rise  followed  by  a  saturation  behavior  with 
an  onset  at  about  80  mJ,  the  oxygen  and  potassium  show  a  pronounced  saturation 
at  the  highest  fluences,  going  from  an  initial  slope  of  order  3  to  a  final  slope  of 
order  I  -  implying  a  definite  change  in  the  mechanism  of  ablation.  The  initial 
slopes  of  the  K*  and  Nb’  yield  curves  are  approximately  2.3  and  1.3,  respectively. 


Figure  4.  Fluence  dependence  of  the 
signals  from  O’,  K*  and  Nb*  from  Mg- 
doped  KNbO;.  Note  the  change  in 
slope  of  the  O*  curve  at  about  80  mJ. 


Figure  5.  Fluence  dependence  of  the 
K’  and  O*  signals  from  pure  (open  plot 
symbols)  and  Mg-doped  KNb03  (filled 
symbols). 
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Iiuutc  s  >hims  a  comparison  between  k"  .-.no  ()’  trout  pare  KNbtn  an-: 
MgiKNbOy  The  horizontal  scale  is  proportional  to  iluence  or  intensity  W  e  had 
expected  to  see  a  difference,  because  experiments  on  Me  doped  I.iNbO;  have 
shown  a  lessening  of  low-intensity  photorefraeme  damage  u.\  <:  pure  material. 

Here,  however,  there  is  only  a  slight  difference  in  the  intensity  dependence  of  the 
0*  yield  and  threshold  for  the  two  materials.  Comparison  of  the  K’  yield  from 
Me-  and  Ti -doped  KNbOt  also  showed  very  little  deference 

Another  critical  variable  for  identifying  electronic  etleets  in  ablation  is  a 
change  of  surface  electronic  or  geometrical  structure.  In  laser  ablation,  the 
intensities  are  so  high  that  if  thermal  mechanisms  are  dominant,  one  would  not 
expect  to  see  any  strong  dependence  on  surface  condition.  With  these  dielectric 
materials,  the  charging  of  the  surface  precludes  the  effective  use  of  many  of  the 
standard  ultrahigh  vacuum  surface  diagnostics  (e  g  ,  low-energy  electron 
diffraction  or  photoemission).  However,  we  can  change  the  state  of  the  surface  by 
altering  the  sequence  of  measurements,  in  this  case  comparing  intensity- 
dependent  measurements  starting  at  high  and  low  intensities.  Since  the  laser 
irradiation  may  create  mobile  defects,  dense  electron-hole  plasmas,  or  structural 
alterations  of  the  surface,  a  comparison  of  intensity-dependent  measurements 
made  by  increasing  or  decreasing  intensity  may  highlight  such  electronic  effects. 
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Figure  6.  Intensity  dependence  of  the  Figure  7,  Shot-number  dependence  of 
signals  from  O’  and  K*  from  pure  the  K’ atoms  from  Na-doped  KNbOy  at 
KNbOy,  with  intensity  increasing  fluences  of  170,  120  and  70  mJ.  Error 
(open  plotting  symbols)  and  decreasing  bars  are  the  standard  deviations  of  the 
(filled  symbols),  data  (fluorescence  yields). 

A  similar  manifestation  of  the  difference  created  by  surface  preparation  or 
surface  conditioning  is  shown  in  Figure  7,  where  the  decrease  of  fluorescence 
intensity  with  shot  number  is  shown  at  three  different  fluences.  At  the  maximum 
pulse  energy  of  170  mj/pulsc  -  corresponding  to  an  intensity  of  some  35  GW-cm  - 
-  there  is  a  strong  decrease  in  yield  with  shot  number.  In  contrast,  at  70  mj/pulsc. 
the  slope  of  yield  with  shot  number  is  a  factor  of  four  smaller.  At  some  smaller 
fluence,  it  should  be  possible  to  desorb  relatively  small  numbers  of  excited  atoms 
without  any  change  in  yield  as  a  function  of  shot  number.  Just  this  result  has  been 
observed  in  other  experiments  with  LiNbCh,  in  which  desorption  yields  at  low 
flucnce  have  remained  virtually  constant  for  many  thousands  of  shots.  Thus  there 
may  exist  different  types  of  sites  -  perhaps  with  identifiable  variations  in 
electronic  or  geometrical  structure  -  which  are  susceptible  to  ablation  at  differing 
flucnce  ranges,  as  recently  reported  in  the  semiconductor  GaP  [8], 


Figure  8.  Intensity  dependence  of 
the  fluorescence  signals  from  K',  O  , 
Na*  and  Nb*  from  Na-doped  KNbO.3 
as  a  function  of  shot  number. 


Finally,  we  show  in  Figure  S  the 
fluorescence  yield  of  excited  atoms 
from  Na  KNbOi  as  a  function  of  slio; 
number.  Within  the  star;  ’ard  deviation 
of  the  data,  there  is  no  difference  in  the 
yields  of  Na*.  O’  and  Nb’;  the  K* 
shows  a  significant!)  higher  yield,  but 
also  a  steeper  drop  at  the  beginning  o! 
the  shot  sequence.  This  suggests  that 
the  different  species  may  be  ablated 
from  surface  sites  of  correspondingly 
different  geometric  or  electronic  struc¬ 
tures.  The  initial  precipitous  drop  in 
die  yield  of  excited  alkali  atoms  is  in  all 
likehood  caused  by  metallization  of  the 
surface  and  the  subsequent  resonant 
ionization  of  the  excited  alkalis. 


Discussion:  Mechanisms  of  Ahlation 

In  considering  ablation  mechanisms,  the  principal  issues  are:  (1 )  What  is  the 
driving  force  for  the  initial  motion  of  ions  away  from  the  surface?  (2)  What  is 
the  source  of  the  observed  electronically  excited  atomics?  and  (3)  What  are  the 
effects  of  the  electronic  or  geometric  structure  of  the  surface  on  ablation? 

Potassium  niobate  is  an  ABO3  perovskite  |9).  while  lithium  niobate  is  a 
"perovskite-like"  structure  with  about  one-third  metal-ion  vacancies  !  10],  Both 
materials  have  bulk  band-gap  energies  slightly  less  than  4  eV;  hence,  for  the  XeCl 
laser  used  in  these  experiments  (308  nm  =  4  cV)  each  laser  photon  excites  an 
electron  from  the  valence  band  into  the  conduction  band.  Both  materials  are 
relatively  ionic,  with  the  valence  band  formed  principally  from  the  2p  orbitals  of 
the  oxygen  ions;  the  conduction  band  is  made  up  primarily  of  the  K  (or  Li)  and 
Nb  orbitals.  Both  the  linear  and  nonlinear  optical  response  of  the  materials  is 
primarily  in/cratomic  (11].  To  the  extent  that  desorption  of  excited  atoms  is 
correlated  with  the  optical  response  [12],  we  expect  that  ablation  results  from  the 
creation  of  holes  on  the  oxygen  ions  and  the  consequent  transfer  of  electronic 
charge  to  the  metal  ions.  This  transfer  of  charge  destabilizes  the  crystal  lattice 
and  provides  the  driving  force  for  the  initial  ionic  motion. 

The  possible  origin  of  the  excited  atoms  appears  to  differ  from  one  ablated 
species  to  the  next.  In  the  case  of  oxygen,  the  intensity  dependence  at  low 
fluences,  at  least,  suggests  muliiphoton  excitation  of  ground-state  neutral  oxygen 
in  the  ablation  plume,  because  the  precursor  of  the  excited  state  can  be  excited  by 
a  three-photon  transition.  Excited  alkali  atoms  could  be  the  result  of  the  decay  of 
localized  electronic  excitations  (e  g.,  excited  F-centers)  at  low  fluence,  or 
secondary-electron  excitation  of  desorbing  ground-state  neutrals.  Changes  in  in 
the  fluence  dependence  of  the  excited-state  yield  at  high  fluences  may  signal  a  loss 
of  flux  from  the  excited-state  channel  due  to  resonant  ionization  of  desorbing 
excited  neutrals.  The  excited  niobium  atom  yields,  on  the  other  hand,  show  an 
almost  linear  intensity  or  fluence  dependence  which  is  not  consistent  with  either 
of  these  two  pictures,  and  requires  further  analysis. 


li  is  tempting  to  speculate  >>n  the  MiiiMii.incc  of  the  "magic"  laser  fluer.cc  of 
SO  rn J  which  divides  the  yield  curies  into  two  distinct  intensity  regimes.  If  we 
assume  that  the  entire  flux  of  incident  photons  is  absorbed  in  a  depth  of  2  jam.  the 
volume  irradiated  by  the  laser  sj'ot  is  of  order  8  10'b  A  ’,  while  the  number  of 
photons  in  an  80  mj  laser  pulse  at  .308  nm  is  of  order  It)17.  At  tins  densitv,  even 
ion  is  near  an  electron-hole  pair  created  bv  the  lasei  pulse,  and  the  strong 
interaction  between  e  h  jians  can  drastically  change  the  charge-transfer  dvnantics 
and  Coulomb  energy  balance  on  a  relatively  short  time  scale.  In  this  limit,  we 
must  apply  concepts  fiom  fluid  mechanics  or  solid-state  plasma  phvsics  rather 
than  electronic  structure  in  the  single  atom  or  single-ion  limit. 

We  conclude  that  excited-atom  spectroscopy  furnishes  a  variety  of  important 
clues  to  the  mechanism  of  laser  ablation  of  ferroelectrics.  because  the  excited 
atoms  can  only  be  created  at  the  surface  or  in  the  plume  of  the  laser-ablated  ejecta. 
The  emission  spectra  can  clearly  be  used  as  process  diagnostics  in  laser 
micromachining  schemes  tor  the  niobates.  However,  in  order  understand  the 
ablation  process,  it  will  be  necessary  to  correlate  these  results  with  studies  of 
ground-state  atom,  molecule  and  cluster  ablation,  since  most  of  the  incident  laser 
energy  is  generally  believed  to  be  channeled  into  ablation  of  these  species. 
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We  report  absorption,  fluorescence  and  nonlinear  optical  properties  of  fused  silica  implanted  with  Ti.  Cu  and  Hi  and  doses  of 
1  x  101'  to  6  x  l(),r>  ions/cnv  when  irradiated  with  532  nm  laser  light.  The  fluorescence  spectrum  is  a  broad  band  around  640  nni  and 
shows  little  variation  for  all  ion  species  Absorption  as  a  function  of  implanted  dose  shows  a  threshold  for  Ti  between  1  x  1 0 1 and 
6X101''  lons/cnr  The  nonlinear  optical  index  is  large.  /i;  >  10 '  '  esu.  All  measured  quantities  show  a  strong  dependence  on  the 
implanted  ton  dose.  The  source  of  the  nonlinearity,  whether  electronic  or  thermal,  remains  to  be  mote  completels  determined 


1.  Introduction  and  motivation 

Ion  implantation  has  been  used  to  alter  electronic, 
thermal  and  mechanical  properties  of  substrates.  Dur¬ 
ing  the  last  two  decades,  the  growth  of  optical  com¬ 
munications  technology  has  also  motivated  research  on 
modification  of  the  linear  index  of  refraction  of  dielec¬ 
trics  in  order  to  make  waveguides  for  optical  carrier 
signals  |1|.  However,  significantly  less  attention  has 
been  paid  to  other  optical  properties  of  ton-implanted 
dielectrics,  even  though  this  technology  offers  a  number 
of  advantages  in  control  of  electronic  structute  and 
gross  optical  properties  of  the  implanted  region.  In  this 
article  vve  present  a  number  of  results  relevant  to  the 
possible  use  of  ion-implanted  fused  silica  in  active  opt: 
cal  devices  and  circuits,  including  intensity-dependent 
absorption,  laser-induced  fluorescence  and  ton-species- 
dependent  nonlinear  susceptibility. 

2.  Sample  preparation  and  characterization 

High-purity  silica  discs.  1  mm  thick.  20  mm  diame¬ 
ter.  were  used  as  substrates  for  implantation.  The 
manufacturer  of  the  silica  (Thermal  American.  Inc.) 
lists  total  cation  impurities  as  <  200  ppm  H :  by  weight, 
all  others  <  10  ppm.  The  principal  anion  impurity  is  Cl. 
comprising  about  80  ppm  by  weight.  The  surfaces  of  the 


discs  were  polished  to  optical  quality,  then  cleaned  with 
ethyl  alcohol  and  distilled  water  and  dried  in  ambiem 
laboratory  air  prior  to  implantation.  The  disks  were 
implanted  with  160  keV  Ti  ions  at  an  average  current  of 
2  pA/cnr.  At  tins  current  densitv.  the  temperature  of 
the  substrate  remains  below  35 °C.  The  concentration 
of  ions  as  a  function  of  depth  in  the  substrate  wav 
measured  bv  Rutherford  backscaltering.  For  Ti  and  Bi 
it  is  approximately  a  Gaussian  function  with  the  maxi¬ 
mum  at  120  nm  below  the  surface  and  140  nm  full 
width  at  half  maximum  l  or  Cu  and  doses  >  3  x  10'' 
ions/cnv.  the  depth  profile  is  bimodal.  with  peaks  at 
about  90  nm  and  170  nm.  Some  samples  were  im¬ 
planted  on  both  sides. 

The  electronic  state  of  the  implanted  ions  is  less  well 
characterized.  For  doses  >  5  X  10ls  ions/enr.  the  frac¬ 
tion  of  Ti  in  the  3  +  state,  as  measured  bv  electron 
paramagnetic  resonance  and  optical  absorption  spec¬ 
troscopy.  is  >  10£.  The  fraction  decreases  with  increas¬ 
ing  dose  |2]  Implanted  Cu  may  be  neutral,  in  the  2  -t 
state,  or  aggregated  as  colloids  (3).  The  implantation 
process  also  pioduces  defects  in  the  implantation  zone 
In  silica  the  most  prominent  defects  are  E'  centers, 
nonbridging  oxygen-hole  centers  and  peroxy  molecular 
ions  [4],  Concentration  of  these  defects  varies  with 
implanted  ion  species  1 5.6).  In  case  of  Ti  the  E'  centers 
have  the  highest  concentration  of  all  defects  for  doses 
>  5  X  101*’  ions/enr.  Since  these  defects  also  have  a 
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The  light  source  was  a  mode-locked,  frequency-dou¬ 
bled  Nd  YA<  i  laser  (5?2  nm,  100  ps  1  WHM  pulse 
width,  76  MHz  pulse  repetition  rate,  l.X  W  maximum 
average  power).  At  tins  wavelength  Hi-,  T;-  and  Cu-im- 
planted  sihca  absorbs  strongh. 

Fig.  la  shows  schematicallv  the  setup  for  z-scan  and 
absorption  measurements.  In  position  (2)  power  metei 
D1  measured  the  total  incident  power  on  the  sample  S. 
in  position  (1)  it  monitored  the  power  reflected  from  the 
beamsplitter  BS  while  the  sample  was  irradiated.  It  was 
mounted  on  a  self-centering  base  for  accurate  icposi- 
uoning  at  positions  (1)  and  (2).  Power  meter  D2  mea¬ 
sured  the  transmitted  power. 

For  absorption  measurements  lens  L2  was  mounted 
behind  the  sample  to  focus  all  transmitted  light  on  D2. 
The  laser  spot  on  the  sample  had  about  0.5  mm  diame¬ 
ter  and  the  total  laser  power  was  varied  to  measure 
absorption  as  function  of  intensity. 

For  the  z-scan  lens  LI  with  /=  150  mm  was  mounted 
behind  (he  beamsplitter  and  the  sample  was  mourned 
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Fig  I  F.xperimenlM  apparatus  and  explanation  of  .  -scan  See 

text. 
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plane  wave  lias  a  1 1. uni  ladial  inteiisitv  ptoftie  lit  ) 
(r:  distance  from  beam  axis).  1  ins  causes  a  mdial 
piolile  foi  the  total  index  of  refraction,  n(r  ).  and  speed 
of  light.  /■(/■).  in  the  sample  (n0:  linear  index  of  refrac¬ 
tion.  (\  vacuum  speed  of  light;  unlike  u’f.  ( 7 j  m  (his 
work  refers  to  the  nonlmeat  index  lndependeni  of  units): 

#i(  r)  --  ;i0  +',/!,/(/  ).  »;(/•)  =  c,/n  (  r  )  . 

The  speed  profile  distorts  the  plane  wave  approximately 
like  a  lens.  Fig  lc  explains  how  the  intensity  on  detec¬ 
tor  D2  changes  as  the  self-focussing  sample,  shown  as 
lens,  is  moved  through  the  focal  point  of  lens  LI.  In 
position  (a)  the  sample  increases  divergence  of  the  out¬ 
going  beam,  so  the  intensity  on  detectot  D2  decreases, 
in  (b)  it  has  no  effect,  in  (c)  it  decreases  divergence,  so 
intensity  increases  For  positions  far  from  the  focal 
point  the  intensity  on  the  sample  itself  is  so  low.  that 
self-focussing  can  he  neglected  and  the  intensity  on  (lie 
detector  is  the  same  as  in  (b). 

Ihe  laser -induced  fluorescence  spectra  were  taken 
wnh  a  double  grating  spccliomeiei  designed  for  high 
rejection  of  stras  light  from  the  laser. 

4.  Results 

4  I.  Abon plum  of  1 1  implanted  ulna 

We  observer!  a  number  of  puzzling  features  in  the 
absorption  and  reflectmtx  spectra  of  die  sample  Fig  2 
shows  that  the  absorption  of  Ti-implanted  samples 
stronglv  depends  on  the  ion  dose  Between  1  x  10"  and 
6x  10*'  lons/cnv  is  a  threshold  for  the  dose,  where 
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absorption  drops  from  17  to  1 7 A  as  powci  iikimscs 
from  minimum  to  maximum.  Me.-ouiement'  of  lellec 
tion.  to  be  published  elsowheie.  show  the  onset  ol 
salutation  more  dearly. 

4.3.  Uiser-tr.duced  tluorcscciu't  1 1  U  1 

A  second  potentially  interesting  property  of  these 
materials  is  that  the  ion-implanted  laver  exhibits  I. IF  m 
a  broad  range,  and  is  thus  a  prima  facie  candidate  for 
tunable  solid-state  laser  material.  In  recent  years.  Ti34 
doped  crystalline  sapphire  has  been  intensely  developed 
as  a  laser  host  [Sj;  n  exhibits  a  biosoi  fluoiescence  in  the 
near-infrared,  a  region  where  laser  dyes  aie  either  non¬ 
existent  or  base  low  gains. 

We  have  observed  moderately  intense  LIF  for  sam¬ 
ples  implanted  with  Ti,  Bi  and  Cu.  Fig.  3  shows  a 
typical  spectrum  for  Ti.  Spectra  for  Bi-  and  Cu-im- 
planted  samples  look  nearly  identical,  with  the  peak 
maximum  shafted  by  10  nm  to  lower  wavelength  for  Bi 
and  by  30  nm  to  longer  wavelength  for  Cu.  The  samples 
do  not  show  fluorescence  oxer  the  full  implanted  aiea. 
but  only  a  few  spots  on  each  sample  of  about  1  mm 
diameter  emit  ligth  The  mechanism  leading  lo  fluores¬ 
cence  is  not  clear  yet.  The  similarity  of  the  specua  for 
these  different  ions  indicates  that  processes  independent 
of  the  type  of  ion  lead  to  fluorescence.  Currently  the 
role  of  defects  like  E'  centers  is  being  investigated 

4  3  Nonlinear  inde  x  a f  refraction 

Among  ihe  inosi  striking  phenomena  observed  in 
these  materials  is  a  dose-dependent  nonlinear  index  of 
rcfracuon  big  4  shows  the  results  foi  a  Ti-  and  a 


Fig  3  UP  spectrum  of  Ti-implanted  fused  silica  The  struc¬ 
tures  at  the  ends  of  the  spectrum  are  from  stray  light  of  the 
laser. 
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I  ig  4,  Results  of  .--scan  for  pure.  Ti-  and  Cu-implanted  fused 
silica. 


Cu-implanted  sample  (both  6  X  10u>  ions/cnr  each 
side).  The  intensity  on  detector  D2  first  drops,  indicat¬ 
ing  positive  self-focussing  or  positive  n2,  and  then  rises 
steeplv  as  the  sample  crosses  the  focal  point.  The  ab¬ 
solute  value  of  r.:  can  be  calculated  from  the  valley  to 
peak  ratio  1 7 j  and  is  of  the  order  10'"'  esu  (or  10" 11 
nv/<W/;( ,)  in  inks  units)  |9J. 

The  curve  foi  the  Cu-implanted  sample  has  a  signifi¬ 
cant  substructure  on  the  leading  and  trailing  edge.  We 
have  two  possible  explanations  foi  this,  none  of  which 
can  be  ruled  out  without  further  experiments.  One  is  the 
formation  of  colloidal  copper:  the  particles  in  the  col¬ 
loid  have  different  sizes  leading  to  nonlinear  bleaching 
at  different  light  intensities.  The  other  is  constructive 
and  destrueme  interference  between  the  two  implanted 
layers  on  the  front  and  back  side  of  the  sample,  but  that 
leaves  the  question  why  t he  I  i-implanted  sample  dtxw 
noi  show  anv  structure. 


5.  Conclusions 

We  have  shown  that  implanted  lasers  exhibit  a  num¬ 
ber  of  interesting  active  optical  properties  in  addition  to 
the  change  m  linear  index  of  refraction  which  accompa¬ 
nies  the  ion-induced  densification  of  an  implanted  layer. 
These  properties  may  well  make  ion  implantation  a 
useful  new  way  io  modify  silica  for  ligJit  sources  and 
active  optical  elements.  However,  the  effects  of  radia¬ 
tion-induced  defects  must  be  thoroughly  understood 
before  any  such  applications  are  possible.  Finally,  we 
note  that  it  may  also  be  possible  to  exploit  the  nonlin¬ 
ear  optical  effects  to  study  the  interaction  between  the 
implanted  ion  and  its  environment  in  ways  which  are 
inaccessible  to  traditional  methods  of  radiation-damage 
analysis,  such  as  electron  paramagnetic  resonance. 
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The  Role  ol  Valence-Band  Excitation  in  Laser  Ablation  of  K.CI 
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ABSTRACT 

We  present  recent  measurements  of  excited-atom  and  ion  emission  from  KC1  surfaces  illuminated  by 
vacuum-ultraviolet  synchrotron  radiation  (hv  =  8-28  eV)  and  ultraviolet  laser  light  (hv  =  4  e  V).  At  low 
intensities  characteristic  of  the  synchrotron  experiments,  excited  atoms  are  desorbed  by  simple  valence- 
band  excitation  process  involving  the  metallization  of  the  KC1  surface.  At  the  higher  intensities  typical  of 
laser  desorption  and  ablation,  we  observe  a  strong  decrease  in  K*  emission  as  a  function  of  the  number  of 
laser  shots,  but  an  essentially  constant  yield  of  Cl*.  K+  and  CL  emission  at  high  intensities  show  similar 
behavior.  The  energetics  of  these  desorption  phenomena  can  be  treated  in  a  bond-orbital  model  which 
shows  that  creation  of  a  single  valence  hole  is  sufficient  to  excite  an  ion  to  an  anti-bonding  state. 


1.  INTRODUCTION  AND  MOTIVATION 

The  need  to  improve  the  laser  damage  resistance  of  optical  materials,  and  the  growing  interest  in  the 
use  of  high-intensity  lasers  for  processing  electronic  and  photonic  devices,  are  the  primary  drivers  for 
fundamental  studies  of  laser-surface  interactions.  Laser-induced  surface1  and  bulk2  damage  in  KC1  have 
been  studied  for  many  years,  perhaps  because  KC1  is  the  simplest  of  all  the  wide-bandgap  ionic  solids 
from  the  standpoint  of  electronic  structure.  We  have  recently  begun  a  systematic  study  of  ultraviolet 
photon-stimulated  desorption  (PSD)  of  excited  atoms  and  ions  from  the  surface  of  KC1  which  has  led  to 
new  understanding  of  the  mechanisms  of  desorption  following  both  valence-band^  and  core-level4 
excitation.  These  experiments  also  illustrate  the  specific  sensitivity  of  *on-  and  excited-atom  desorption 
spectroscopy  to  details  of  the  surface  before  and  after  particle  emission. 

In  this  paper,  we  briefly  summarize  the  status  of  these  experiments  and  propose  a  unified  view  for 
the  mechanisms  of  PSD  and  laser-induced  desorption  (LID)  and  ablation  of  excited  atoms  in  KC1.  a  view 
which  probably  applies  generically  to  materials  which  have  self-trapped  excitons  and/or  permanent,  mobile 
electronic  defects,  such  as  SiC>2  and  the  alkaline-earth  halides.  In  the  VUV  experiments,  the  yield  of 
desorbed  excited  atoms  follows  the  excitonic  optical  response  of  these  crystals  at  photon  energies  near  the 
bulk  band  gap.  Secondary  electron  measurements,  taken  simultaneously,  implicate  the  formation  of 
excess  metal  in  PSD  of  excited  alkalis,  and  suggest  some  clues  to  the  time  dependence  of  the  M*  yields. 
At  the  higher  intensities  characteristic  of  LID  and  laser  ablation,  a  common  mechanism  of  desorption  due 
to  valence-hole  creation,  as  well  as  charge  exchange  mediated  by  surface  metallization,  is  at  work. 

The  energetics  governing  desorption  may  be  interpreted  within  the  framework  of  a  detailed 
mechanistic  picture  of  laser-induced  desorption  and  ablation,  based  on  the  bond-orbital  model  of  electronic 
structure.  In  this  model,  ion  motion  is  caused  by  localized  deformation  of  the  lattice  and  bond-breaking 
near  the  site  where  the  photon  is  absorbed.  Neutralization  of  the  moving  ion  into  an  excited  atomic  state, 
on  the  other  hand,  is  a  manifestation  of  the  local  electronic  structure  near  the  desorption  site,  at  least  in  the 
low-intensity  limit.  Both  desorption  and  excitation  may  arise  from  the  same  mechanism.  For  example, 
desorption  following  valence-band  excitation  may  be  described  as  the  decay  of  an  excited  quasi-molecular- 
state  of  the  crystal;  in  KC1,  the  desorption  of  K*  could  be  initiated  by  relaxation  of  an  excited  F-center 
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The  following  discussion  of  the  role  of  valence-band  excitations  in  laser-induced  desorption  from  K.C1 
is  based  on  two  distinct  sets  of  measurements:  photon-stimulated  desorption  (PSD)  measure  men  is  using 
ultraviolet  radiation,  and  laser-induced  desorption  (LID)  using  an  excimer  laser.  The  photon  soure_  for  the 
PSD  experiments  was  the  Aladdin  facility  of  the  Synchrotron  Radiation  Center  (SRC)  at  the  University  of 
Wisconsin.  Bending-magnet  radiation  from  the  800-MeV  electron  storage  ring  was  dispersed  by  a  Seya- 
Namioka  (SN)  normal-incidence  monochromator  and  focused  onto  a  sample  at  normal  incidence. 
Useable  photon  flux  is  available  in  the  approximate  range  of  8  eV  to  28  eV.  The  light  source  for  the  LID 
measurements  was  an  XeCl  excimer  laser  operating  at  a  wavelength  of  308  nm,  likewise  incident  along  the 
surface  normal. 

Single-crystal  targets  of  KC1,  typically 
measuring  5x12  mm  and  cleaved  from  bulk 
material  prepared  by  Harshaw  were  mounted 
on  a  micromanipulator  in  high  or  ultrahigh 
vacuum  (UHV).  In  the  UHV  measurements, 
me  target  holder  was  equipped  with  a  Varian 
button  heater  capable  of  heating  targets  to 
approximately  450°  C.  The  target  could  be 
rotated  about  a  vertical  axis  perpendicular  to 
the  plane  of  the  incident  photon  beam. 


Two  generic  measurement  schemes  were 
used  in  the  experiments  described  in  this 
paper.  Fluorescence  from  desorbed  excited 
alkali  atoms  was  detected  with  an  0.3  meter 
monochromator  and  a  photomultiplier  (PMT) 
operated  in  pulse  counting  mode  for  the  PSD 
measurements,  and  in  pulse-height  analysis 
mode,  using  a  gated  integrator,  for  the  LID 
measurements.  Amplified  PMT  pulses  which 
exceeded  the  threshold  of  a  discriminator 
were  counted  and  stored  in  an  Apple 
microcomputer.  Secondary  electrons  were 
collected  by  a  biased  stainless-steel  collector 
positioned  close  to  the  target ;  the  current  was 
monitored  by  a  picoammeter  connected  to  an  analog-to-digital  converter  channel  of  a  Hewlett-Packard 
7090A  plotter;  these  data  were  then  likewise  stored  in  the  computer.  All  of  the  PSD  experiments  and  most 
of  the  LID  measurements  were  carried  out  in  an  ultra-high  vacuum  chamber  with  a  base  pressure  generally 
in  the  range  of  -lO^Torr. 

In  other  LID  experiments,  the  optical  detection  system  shown  in  Fig.  1  was  replaced  by  a  quadrupole 
mass  spectrometer  which  could  be  operated  to  collect  either  positive  or  negative  ions.  A  mass  scan  was 
performed  to  ascertain  that  the  peak  corresponding  to  a  particular  mass  was  stable  and  well  above 
background.  Then  an  electronic  gate  was  set  to  capture  the  peak  signal  after  each  laser  shot.  These  peak 
height  data  were  stored  on-line  in  an  IBM  microcomputer  for  subsequent  retrieval  and  analysis. 

In  the  PSD  experiments,  single  KC1  crystals  were  cleaved  in  air  and  inserted  immediately  into  the 
UHV  chamber;  they  were  typically  under  vacuum  within  an  hour  after  cleaving.  The  UHV  system  was 
then  baked  at  200°C  for  several  hours  following  insertion  of  the  target;  samples  were  then  cleaned  by 
heating  a  few  hours  at  300  to  400°  C.  Numerous  studies,  cited  in  Reference  [4],  have  shown  that  this 
procedure  yields  a  stable  and  reproducible  surface.  For  the  LID  experiments,  the  samples  were  cleaved  in 
air  using  the  same  precautions  (use  of  rubber  gloves,  methanol  cleaning  of  all  cleaving  and  handling  tools) 


Figure  1 .  Schematic  diagram  of  apparatus  for 
simultaneous  measurements  of  excited-atom  yield 
and  secondary-electron  current  in  photon-stimulated 
desorption  experiments. 
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taken  in  preparing  UHV  samples.  However,  the  samples  were  not  baked,  and  indeed  were  not  alwaw  in 
ultrahigh  vacuum.  We  assume  that  the  surface  is  well  cleaned  due  to  sputtering  Kv  ire  high  intensity  laser 
pulses.  Thus  these  laser  desorption  and  ablation  experiments  must  be  viewed  as  having  been  carried  out 
under  reproducible  conditions,  but  not  necessarily  on  well-characterized  surfaces. 


3.  Pj K)' TON-STIMULATED  DHSOKPiiON  IN  THE  VACUUM  ULTRAVIOLET 

Ultraviolet  photon-stimulated  desorption  has  been  studied  in  the  alkali  halides  for  many  years.  Only 
recently,  however,  has  it  been  demonstrated  that  PSD  of  excited  atoms  can  be  caused  by  valence-band,  in 
contrast  to  core-level,  excitation.  Because  these  measurements  have  an  important  impact  on  our 
understanding  of  the  mechanisms  of  laser-induced  desorption,  we  summarize  briefly  the  results  of  these 
recent  experiments  on  both  KC1  and  LiF.  Details  may  be  found  in  Reference  [4], 

Figure  2  shows  an  excitation  function  for  desorbed  excited  potassium  under  photon  irradiation  of 
KC1  near  the  surface  exciton  peak  at  9.5  eV.  The  bulk  bandgap  of  KC1  is  8.4  eV.  The  monochromator 
flux  was  too  low  to  search  for  structure  in  the  desorption  curve  at  lower  energies.  Shown  for  comparison 
■  in  Figure  3  is  the  optical  absorption  spectrum  of  KC1  measured  by  Eby,  Teegarden  and  Dutton.5 
Structure  in  the  excitation  function  for  desorbed  K*  corresponding  to  the  valence  exciton  at  approximately 
9.5  eV  is  evidence  that  desorption  due  to  valence  excitation  in  KC1  is  occurring,  and  that  excited-atom 
desorption  may  be  related  to  identifiable  electronic  excitations  of  the  surface. 


Incident  Photon  Energy  (eV) 


Figure  2.  Excitation  function  for  K*  atoms  Figure  3.  Optical  absorption  spectrum  fiom 

desorbed  from  a  KC1  surface  by  VUV  light  with  KC1  in  the  vacuum  ultraviolet  region.  Figure  is 

valence-band  energies.  From  Reference  [4],  from  Reference  [5]. 

Studies  of  the  variation  in  excited-atom  and  total  electron  yield,  described  in  detail  in  Reference  (4J, 
clearly  implicate  the  formation  of  excess  metal  on  the  surface  in  the  desorption  process.  Those 
experimental  results  are  consistent  with  the  following  picture:  As  a  pristine  spot  on  the  surface  is 
irradiated,  metallization  begins  due  to  two  separate  processes.  One  is  the  loss  of  halogen  because  of  the 
preferential  ejection  of  ions  from  the  halogen  sublattice;  the  other  is  the  creation  of  mobile  defects  (c.g.,  F- 
centers)  in  the  near-surface  bulk  and  their  subsequent  diffusion  to  the  surface,  where  they  neutralize  the 
positive  metal  ions.  The  experimental  evidence  for  this  is  primarily  the  rapid  decrease  in  secondary 
electron  yield  from  the  high  values  which  characterize  the  insulating  surface  as  cleaved  to  the  lower  values 
(an  order  of  magnitude  or  more  for  most  of  the  alkali  halides)  characteristic  of  the  alkali  metal.6 
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metal  will  e  vap<  irate  thermally.  leaving  a  stoichiometric  smtace.  These  thennally  derail  bing  atoms 
constitute  the  bulk  of  the  total  desorption  yield  of  the  metal  atoms,  in  the  ground  clecmn.u  :  ;at<\'  The 
metallization  also  affects  the  yield  of  excited  atoms,  because  as  the  metal  agglomerates,  its  work  function 
changes.  When  the  metallic  patches  are  small,  the  work  function  of  the  surface  it  rather  large,  and  there 
are  no  metallic  electrons  which  can  be  donated  to  fill  the  electronic  state  of  a  desorbing  alkali  ion.  As 
metallization  piogresses,  the  work  function  decreases,  and  when  the  Fermi  level  is  nearly  resonant  with 
the  atomic  excited  state,  neutralization  of  the  ion  into  that  excited  state  is  probable.  As  the  surface  becomes 
more  strongly  metallized,  the  Fermi  level  of  the  metal  patches  rises  al)ove  the  first  excited  electronic  state, 
and  resonant  charge  exchange  into  the  ground  state  becomes  the  dominant  process.  Thus,  below  the 
temperatures  at  which  the  metal  evaporates,  excited  state  desorption  will  first  increase  and  then  decrease  as 
the  Fermi  level  rises  above  the  first  excited  state  of  potassium. 

4.  LASER-INDUCED  DESORPTION  AND  ABLATION  FROM  KC1 

The  description  of  laser-induced  particle  emission  is  as  problematical  as  the  phenomenon  itself  is 
complex.  In  the  following  discussion,  we  shall  refer  to  particle  emission  at  low  laser  intensities  as  laser- 
induced  desorption  (LID);  we  mean  to  imply  by  this  the  absence  of  plasma  and  collective  effects,  and  that 
the  particle  emission  is,  in  this  case,  essentially  a  localized  event  resulting  in  the  removal  of  an  isolated 
atom  or  ion  from  an  (at  least  hypothetically)  identifiable  surface  site.  By  laser  ablation  we  refer  to  the 
high-intensity  limit,  in  which  rapid  damage  to  surface  may  involve  collective  effects  and  the  generation  of  a 
plasma  plume;  in  laser  ablation,  the  characterization  of  the  surface  site  is  probably  not  possible. 

We  have  carried  out  a  series  of  experiments  to  study  the  change  in  the  surface  of  KC1  by  monitoring 
the  yields  of  excited  atoms  and  ions  from  the  surface,  including  K*,  Cl*,  K+  and  Cl\  We  have  studied 
the  change  in  K*  and  Cl*  yields  as  a  function  of  number  of  shots  on  the  sample,  and  as  a  function  of 
intensity.  In  addition,  we  have  carried  out  simple  measurements  of  the  time  dependence  for  the  emission 
of  positive  and  negative  ions  from  the  surface.  These  measurements  are  consistent  with  the  PSD  picture, 
but  show  in  addition  that  laser-induced  desorption  (LED)  proceeds  through  the  same  mechanism 
independent  of  the  condition  of  the  surface.  Hence,  LID  from  perfect  lattice  sites  and  defect  sites  appears 
to  result  from  the  same  kind  of  valence-band  excitation  as  observed  in  PSD,  but  with  slightly  different 
consequences  because  of  the  high  density  of  local  electronic  excitation. 


4,1  leaser-induced  Desorption  of  Excited  Atoms 

Optical  spectra  taken  during  laser  ablation  experiments  generally  show  a  relatively  broad  fluorescence 
background  on  which  are  superimposed  atomic  emission  lines  from  excited  atoms,  radiating  as  they  move 
away  from  the  surface.  In  contrast  to  PSD  experiments,  we  observe  not  only  the  first  resonance  line  of 
the  metallic  atom,  but  lines  originating  in  other  excited  states  and  the  atomic  emission  lines  of  chlorine 
atoms  and  ions.  Of  particular  interest  is  the  appearance  of  excited-state  emission  whose  parent  states  lie 
very  near  the  ionization  limits  of  the  atoms  in  question;  the  mechanism  for  the  creation  of  these  highly 
excited  states  is  not  clear,  although  multiphoton  excitation  of  ground-state  atoms  in  the  laser-produced 
plasma  is  probably  the  most  likely  possibility.  Properties  of  the  observed  lines  are  shown  in  Table  I.8 

The  calculated  oscillator  strengths  shown  in  Table  I  are  not  always  reflected  in  the  relative  spectral 
yields  of  the  lines  in  question.  This  seems  to  be  particularly  true  for  the  Cl*  states  observed.  We  assume 
that  this  is  indicative  of  highly  nonequilibrium  conditions  which  are  likely  to  prevail  both  in  the  laser- 
produced  plasma  and  at  the  surface.  Also,  the  centroids  of  the  lines  as  shown  in  the  accompanying  figures 
disagree  slightly  with  those  shown  in  the  Table.  Part  of  this  discrepancy,  typically  4  A,  is  the  result  of 
calibration  error  in  the  spectrometer  drive;  the  magnitude  of  the  error  was  checked  using  a  He-Ne  laser  at 
6328  A.  In  addition,  since  the  excited  atoms  are  emitted  with  non-zero  velocity  and  since  the  spectrometer 
line-of-sight  is  not  parallel  to  the  surface  plane,  the  lines  will  be  Doppler  shifted.  This  shift  can,  in 
principle,  be  calculated  from  a  knowledge  of  the  geometry  of  the  desorption  experiment . 
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Figure  4  shows  the  spectrum  of  excited  potassium  atoms  near  the  first  resonance  lines  at  7668  A, 
observed  at  laser  intensities  on  the  order  of  1  GW-cnr2.  Each  point  on  the  spectrum  represents  a  single 
laser  shot;  there  are  two  hundred  points  in  each  spectral  scan  from  7600  to  7800  A.  Thus  some  140  shots 
intervene  between  the  upper  spectrum  and  the  lower.  The  decrease  in  the  K*  yield  with  absorbed  photon 
dose  is  evident.  This  phenomenon  is  well  known  from  PSD  studies,  in  which  progressive  ultraviolet 
irradiation  of  the  alkali  halides  results  in  a  steady  decrease  of  the  excited-state  atomic  emission.9  This 
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Figure  4.  Spectrum  of  K*  atoms  desorbed 
from  KC1  at  an  intensity  of  1  GW-cnv2  on  two 
successive  scans,  starting  from  a  pristine  spot  on 
the  surface.  The  atomic  transition  is  4p  — >  4s. 


Figure  5.  Optical  spectrum  of  K*  (405  nm) 
and  Cl*  (411  nm)  atoms  in  the  ablation  plume 
from  a  KC1  crystal  surface  at  a  laser  intensity  of 
order  1  GW-cnr2,  as  a  function  of  shot  number. 


behavior  is  consistent  with  a  surface  accumulation  of  excess  metal  leading  to  resonant  ionization  of 
desorbing  K*  atoms,  thus  reducing  the  total  excited-state  signal.  Shown  for  comparison  in  Figure  5  are 
the  relative  yields  of  K*  (from  the  5p  — >  4s  transition)  and  of  Cl*  emission  originating  from  transitions  in 
the  (3p45P  — *  3p44S)  manifold.  The  K*  emission  in  this  state  also  decreases  after  a  few  hundred  shots, 
consistent  with  the  resonant  ionization  picture.  The  Cl*  emission,  on  the  other  hand,  is  virtually  constant 
in  amplitude  as  a  function  of  total  absorbed  dose  ,  indicating  that  the  Cl*  production  is  not  affected  by 
surface  conditions,  such  as  metallization.  Given  the  high  excitation  required  to  produce  the  parent  states  of 
these  emission  lines  (nearly  12  eV,  as  shown  in  Table  I),  we  suggest  that  multiphoton  excitation  of 
ground-state  Cl  in  the  laser-produced  plasma  is  producing  these  signals.  Accurate  measurements  of  the 
Cl*  yields  as  a  function  of  intensity  should  reflect  this  difference  in  origin. 
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In  these  experiments,  a  region  of  the  optical  spectrum  containing  lines  from  K*  and/or  Cl*  was 
scanned  by  the  spectrometer,  and  the  optical  signal  at  each  wavelength  from  a  single  laser  pulse  was 
counted.  The  excited  K  was  only  observed  when  there  was  a  visible  plasma.  This  could  indicate  that  the 
surface  is  so  rapidly  metallized  that  one  can  only  produce  desorption  following  ablation  of  the  metal, 
which  should  be  strongly  heated  and  vaporized  at  these  intensities.  Most  notable  is  the  contrast  between 
the  persistence  of  the  Cl*  yield  and  the  relatively  rapid  disappearance  of  any  K*signaL 

Figure  6  shows  the  yield  of  excited  atoms 
desorbed  from  KC1  at  a  laser  wavelength  of  308 
nm  and  an  intensity  of  about  4  GW-cm*2-  as  a 
function  of  the  number  of  laser  shots  on  a 
particular  spot  The  measurements  begin,  in  each 
case,  from  a  previously  undamaged  spot  The 
transitions  identified  in  the  Figure  are  the  7668  A 
line  of  die  4052  A  line  of  K*,  and  the  41 12  A 
line  of  Cl*.  The  variation  in  the  behavior  of  the 
three  species  of  excited  atoms  is  :  The  K*  yields 
in  both  cases  rise  rapidly  from  the  first  laser  shot, 
peak  near  the  same  value,  and  then  drop  off,  but 
the  K*  (7668A)  yield  goes  to  its  background 
value  after  about  200  shots,  whe-  the  K*(4052 
A)  yield  does  not  decrease  to  background  level 
for  some  300  shots.  The  Cl*  yield,  on  the  other 
hand,  is  essentially  unchanged  through  the  entire 
sequence.  This  behavior  is  consistent  with  the 
idea  that  excited  K  atoms  are  created  in  a  different 
process  than  the  excited  Cl  atoms. 

If,  indeed,  resonant  ionization  of  desorbing  excited  metal  atoms  is  the  mechanism,  these  data  are 
consistent  with  the  idea  of  progressive  metallization  of  the  surface  with  dose,  since  the  Fermi  level  of  the 
metal  clusters  would  rise  through  the  4p  — >  4s  transition  energy  before  the  5p  — »  4s,  taking  flux  out  of  the 
former  K*  channel  prior  to  the  latter. 

4,3  Intensity  Dependence  of  Positive  and  Negative  Ion  Yields 

Yields  of  positive  and  negative  ions  were  measured  as  a  function  of  intensity  using  a  quadrupole 
mass  spectrometer  in  the  geometry  of  Figure  1.  In  general,  at  laser  intensities  below  100  MW-cm  2  stable 
ion  signals  were  measured  which  showed  that  ion  yield  increased  with  roughly  the  second  power  of 
intensity.  This  is  consistent  with  valence-band  excitation.  However,  above  this  intensity  the  ion  signals 
rapidly  became  unstable,  and  showed  an  initial  high  yield  followed  by  a  rapid  drop  in  intensity.  This 
phenomenon  was  observed  for  both  K+  and  Cl'  ions,  as  shown  in  Figures  7  and  8. 

After  the  ion  yields  dropped  to  their  minimum  values  and  the  visible  plasma  indicating  desorption  of 
excited  atoms  disappeared,  it  was  observed  that  bright  fluorescence  from  color  centers  was  being  excited 
by  the  laser  beam.  No  other  signs  of  damage  to  the  surface  -  cratering  or  etching  -  were  observable  by 
eye.  As  soon  as  the  laser  beam  was  directed  to  a  fresh  spot  on  the  surface,  the  strong  ion  signal  was  once 
again  observed  rhis  suggests  that  the  disappearance  of  the  Cl*  signal  and  the  diminution  of  the  K+ 
signals  are  both  tied  to  the  creation  of  defects  in  the  near-surface  region  of  the  bulk.  The  initial  high  yields 
in  both  ion  species  apparently  comes  from  defect  sites,  while  K+  originates,  at  a  low  level,  in  the  perfect 
sites.  The  Cl*  ions,  on  the  other  hand,  are  apparently  only  ablated  from  defect  sites,  and  once  the  surface 
becomes  stoichiometric,  the  negative  ion  signal  disappears  too.  Cl  neutral  atoms,  of  course,  continue  to  be 
produced,  as  shown  above  and  in  tire  neutral  Cl  laser-desorption  measurements  of  Reference  [1], 


Figure  6.  Spectrum  of  excited  K  atoms 
desorbed  from  KC1  at  an  intensity  of  1  GW-cm'2 
starting  from  a  pristine  spot  on  the  surface. 
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Figure  7.  Intensity  dependence  of  K+ 
desorbed  from  KC1  by  an  excimer  laser  (XeCI)  at 
a  wavelength  of  308  nm.  Intensity  in  the  focal 
spot  was  0.34  GW -cm*2. 
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Figure  8.  Intensity  dependence  of  K+ 
desorbed  from  KC1  by  an  excimer  laser  (XeCI)  at 
a  wavelength  of  308  nm.  Intensity  in  the  focal 
spot  w  is  about  4  GW -cm*2. 


We  have  measured  the  time  dependence  of 
positive  and  negative  ion  yields  from  KC1  by  8000 
placing  a  biased  stainless  steel  probe  in  the  UHV 
chamber  approximately  4  cm  from  the  surface  of 
the  target  and  at  an  angle  of  45°  to  the  target  |  6000 

normal.  By  switching  the  polarity  of  the  probe  ^ 
from  +67  V  to  -  67  V,  it  was  possible  to  collect  {3 
both  the  positive  and  negative  charges.  For  that  ^  4000 
voltage,  the  time  of  flight  for  a  typical  alkali  ion  is  p 
of  order  4  ps  and  that  for  fast  electrons  is  about  16  § 
ns.  Ion  current  was  recorded  on  a  synchronized  u 
single-shot  basis  by  a  100  MHz  transient  waveform  o  2000 
recorder  interfaced  to  a  microcomputer. 

Figure  9  shows  the  transient  signals  of  both 
positive  and  negative  ions  desorbing  from  the 
KC1  crystal  surface.  The  positive  ion  signal  has  Time  (ps) 

an  apparent  decay  time  of  some  25-30  ps,  much 

longer  than  that  measured  for  NaCl,  and  is  Figure  9.  Time  dependence  of  positive  and 

initiated  well  after  the  negative  ion  fast  signal  has  negative  ion  signals  following  desorption  from 

already  begun  to  decay.  The  current  of  negative  KC1  by  an  excimer  laser  (XeCI)  at  a  wavelength 

ions  has  both  a  fast  and  slow  component  The  Qf  308  nm.  Intensity  in  the  focal  spot  was  of 

slow  component  can  be  strongly  suppressed  by  order  1  GW-cnr2. 

applying  a  magnetic  field,  and  is  thus  assumed  to 
consist  primarily  of  slow  electrons.  The  decay 

time  of  the  fast  negative  ion  signal  is  much  less  than  that  of  the  K+  signal,  indicating  that  the  Cl*  ion  is 
desorbed  by  a  different  mechanism  than  the  positive  ions.  This  is  consistent  with  earlier  results  from 
electron-stimulated  desorption  studies  which  show  that  neutral  halogens  are  ejected  from  the  surface  before 
sodium  atoms,  and  that  the  halogen  is  ejected  in  a  non-thermal  process  on  a  time  scale  much  less  than  100 
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Ja.ser-prxxhiccd  plasma  plume. 

The  differences  in  the  behavior  of  the  positive  and  negative  ions  suggests  that  there  are  mainly  two 
processes  involved:  One  is  the  direct  desorption  of  the  positive  and  negative  ions,  producing  both  the  fast 
negative  ion  peak  and  the  initial  rise  in  the  positive  ion  peaks.  The  second  process  proceeds  through 
desorption  of  neutral  atoms  followed  by  ionization.  ITiese  two  processes  are,  schematically: 

KC1  ->  K+  +  Cl-  or  KC1  — »  K  +  Cl  -o  K4  +  e  (slow)  +  Cl  K+(slow)  +  Cl'(slow) 

Since  we  do  not  yet  have  an  accurate  determination  of  how  much  of  the  slow  negative-ion  peak  is  actually 
electrons  and  how  much  is  Cl",  we  can  not  yet  rule  out  either  of  the  two  final  states  of  the  neutral-atom 
channel.  Indeed,  there  is  no  reason  to  think  that  the  late  negative-ion  peak  might  not  include  both 
components. 


5.  MECHANISM  OF  PHOTON-STIMIJLATED  DESORPTION  IN  AI  .KALI  HALIDES 

Any  proposed  mechanism  for  LID  or  laser  ablation  of  excited  atoms  or  ions  must  answer  two 
fundamental  questions:  (1)  How  is  the  absorbed  photon  energy  localized  to  produce  ion  motion?  and  (2) 
What  is  the  origin  of  the  excited  electronic  state  observed  in  the  case  of  excited  atoms  or  ions?  We  propose 
to  discuss  the  first  of  these  questions  by  referring  to  the  bond-orbital  model  -  a  localized  picture  of 
electronic  structure  in  solids  within  the  framework  of  which  bond-breaking  has  a  particularly  intuitive 
formulation.  The  question  of  the  origin  of  the  excited  electronic  state  is  particularly  intriguing,  and  we 
show  one  example  -  applicable  to  KCl  but  not  necessarily  to  alkali  halides  -  of  how  such  a  state  might  be 
created  by  the  decay  of  a  highly  localized  excitonic  state  of  the  solid. 

5.1  Energetics  of  Desorption  Induced  bv  Electron-Hole-Pair  Creation 

It  is  now  generally  accepted  that  laser  induced  desorption  is  related  to  the  generation  of  a  localized 
instability  in  the  unperturbed  crystal  lattice.1 1  Prior  to  the  instant  of  desorption,  the  ion  is  in  a  band  state 
with  quantum  numbers  characteristic  of  the  unperturbed  lattice;  following  desoiption,  the  ion  (or  atom)  is  a 
single-particle  state  with  quantum  numbers  characteristic  of  its  internal  configuration,  which  may,  of 
course,  have  been  modified  during  the  desorption  process.  The  transition  to  the  surface  with  a  defect  and 
a  desorbing  atom  is  the  result  of  excitation  from  a  bonding  to  an  anti-bor.ding  state,  as  described  in  the 
Menzel-Gomer-Redhcad  model.12  This  model,  by  itself,  contains  no  specific  information  which  would 
permit  the  computation  of  the  details  of  the  bonding  and  anti-bonding  potentials;  these  details  must  be 
supplied  from  a  model  of  the  specific  desorbing  species  and  its  surface  environment.13 

The  initial  event  in  this  sequence  is  photon  absorption  and  the  creation  of  electron-hole  pairs,  which 
will  depend  on  both  the  optical  properties  of  the  material  and  the  laser  wavelength.  The  absorbed  photon, 
if  it  creates  an  electron-hole  pair  by  valence-band  excitation,  breaks  or  weakens  a  bond.  If  the  electron  is 
in  the  conduction  band  -  which  would  be  typical  of  valence-band  single-photon  excitation  or  two-photon 
laser  excitation  in  KCI  -  we  are  left  with  an  electron  in  the  conduction  band  and  a  much  less  mobile, 
usually  self-trapped,  hole.  This  electron  can  lose  energy  in  one  of  two  ways:  by  delocalizing  in  a  band 
state,  or  by  self -trapping  through  creation  of  a  localized  | metastable]  lattice  distortion.  In  the  alkali  halides, 
that  metastable  lattice  distortion  is  called  a  self-trapped  exciton.  If  the  decay  of  that  trapped  exciton 
produces  an  atom  on  a  repulsive  potential  energy  surface,  desorption  will  occur. 

Thus  the  energetics  of  the  desorption  process  are  governed  by  the  three  parameters  W  (bandwidth), 
Est  (the  energy  gained  by  self-trapping)  and  Eqes  (the  energy  available  from  "rolling  down"  the  repulsive 
potential  energy  surface  of  the  anti-bonding  state).  Desorption  occurs  if  W  <  Est  and  if  Epps  >  Est- 
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One  o!  tiic  primary  obstacles  to  making  quantitative  preuiv la  >ns  about  desorption  lies  in  our  inability 
to  compute  the  energies  W,  i  and  l:or.S  in  a  reliable  and  relatively  simple  way.  We  have  calculated  the 
initial  effects  of  electron-hole  pair  formation  following  the  bond-orbital  theory  of  Harrison.14  In  spirit,  it 
is  closely  related  to  the  bond-charge  model  of  Phillips,15  although  the  details  of  the  parametrization 
differ.  In  this  model,  the  energy  per  bond  in  the  perfect  crystal  is  computed  from  the  second  and  fourth 
moments  of  the  density  of  states  function  using  linear  combinations  of  atomic  orbitals,  and  is  given  by16 


pair 


-  n 


- 


M4(d)  -  M^ 


-i  1/2 


pm2 


n  V0  +  Epro 


where  n  is  the  coordination  number;  M2  and  M4($)  are,  respectively,  the  second  and  fourth  moments  of 
the  electronic  density  of  states  (EDOS);  d  is  the  angle  between  neighboring  bonds;  VG  is  the  repulsive 
screening  potential;  and  Epro  represents  the  energy  required  to  create  the  hybridized  sp3  bonds  for  the 
LCAO  model  of  the  solid.  The  fourth  moment  is  a  function  of  the  bond  angle  and  will,  in  covalent 
solids,  be  influenced  strongly  by  the  dangling  bonds  and  back-bonding  required  by  surface  reconstruction 
in  those  materials.17  In  ionic  materials,  of  course,  we  can  expect  much  less  dependence  on  the  bond 
angle  and  more  on  the  coordination  number.  The  repulsive  screening  potential  can  be  adjusted  to  fit  the 
experimentally  determined  equilibrium  inter-ionic  spacing  and  the  bulk  modulus  of  the  solid. 


Radial  Coordinate  (A) 


Figure  10.  Bond-orbital  calculation  of  the 
potential  energy  curves  for  a  surface  (five-fold) 
coordinated  site  in  NaCl  and  for  the  same  site 
with  a  one-hole  excitation  in  a  bond.  The  one- 
hole  potential  curve  goes  slightly  negative  at  large 
radii. 


Figure  11.  Bond-orbital  calculation  of  the 
potential  energy  curves  for  a  surface  (three -fold) 
coordinated  site  in  the  compound  semiconductor 
GaP  and  for  the  same  site  with  one-hole  and  two- 
hole  excitations.  The  one-hole  potential  curve  is 
still  characteristic  of  a  weakly  bound  state. 


We  have  used  this  expression  for  the  energy  per  pair  to  model  bond-breaking  at  a  surface  site  in  an 
ionic  insulator.  Because  of  their  availability,  we  have  used  self-consistent  Hartree-Fock  matrix  elements 
for  NaCl  taken  from  Reference  [18]  to  calculate  the  moments  M2  and  M4;  the  same  behavior  can  be 
expected  from  KC1.  As  an  illustration  of  the  technique,  we  show  in  Figure  10  the  potential  function  that 
results  when  we  begin  with  a  five-fold  (nearest-neighbor  only)  coordinated  surface  atom  and  create  a  hole 
in  a  single  bond.  One  sees  that  the  energy  gained  by  creation  of  a  single  hole  is  already  sufficient  to  put 
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Thus,  although  it  is  qualitatively  correct,  this  model  still  has  some  difficulties.  Most  notable  is  the 
fact  that  it  does  not  yet  properly  account  for  the  next-nearest  neighbor  interactions  which  are  indispensable 
(and  intractable!)  in  the  alkali  halides.  Nevertheless,  one  sees  by  contrast  with  Figure  1 1  that  the  bond- 
orbital  model  at  least  shows  a  difference  between  the  alkali  halides  -  in  which  a  single  hole  already  puts  the 
system  on  a  repulsive  energy  surface  -  and  the  compound  semiconductor  GaP  for  which  two  holes  are 
required  to  achieve  die  same  end  even  though  the  binding  energies  are  similar. 


5.3  Source  of  the  Excited  Electronic  State  in  Desorbing  K  Atoms 

The  origin  of  the  electronic  excitation  which  produces  desorbing  excited  atoms  is  a  separate  but  not 
unrelated  question  from  the  problem  of  ion  motion  we  considered  in  Section  5.2.  One  possibility  is  that  an 
excited  F-center  is  the  source  of  the  excited  atom  desorption  following  valence  excitation.  Certainly 
valence  excitation  can  form  F-centers.  It  is  conceivable  that  some  of  them  may  be  excited,  perhaps  from 
scattering  of  secondary  electrons,  fluorescence,  or,  in  the  case  of  laser-induced  desorption,  by  the  high 
local  density  of  electronic  excitation.  The  strong  coupling  of  an  excited  F-center  to  the  lattice  could  both 
initiate  ion  motion  and  simultaneously  provide  the  electron  needed  for  neutralization  of  a  departing  ion. 
Such  a  mechanism  would  explain  the  observed  decrease  of  the  excited  atom  yield  as  a  function  of 
temperature  in  PSD  measurements,  since  the  lifetime  of  the  excited  F-center  would  decrease  with 
increasing  temperature.  Alkali  desorption  (without  reference  to  the  electronic  state  of  the  atorr)  has  been 
observed  from  RbBr  containing  F-centers  during  irradiation  with  F-band  light.18 

A  simple  consideration  of  the  energetics  will 
show  that  an  excited  F-center  in  KC1  has  about  the 
right  energy  to  neutralize  a  potassium  ion  into  the 
first  excited  state  of  the  neutral.  Figure  12  shows 
an  approximate  band  diagram  for  KC1  including  an 
F-center.  Notice  that  the  ground  state  F-cenier  is 
almost  resonant  with  an  excited  neutral  alkali  atom, 
so  the  excited  state  will  clearly  have  sufficient 
energy  to  do  so.  The  .hermal  ionization  energy  of 
the  F-center19  was  used  to  position  the  F-center 
below  the  conduction  band.  The  ionization  limit  of 
the  atom  was  made  coincident  with  the  vacuum 
level  of  KC1.  These  methods  are  approximate, 
since  both  the  lattice  distortion  and  the  surface  of 
itself  will  alter  the  band  structure;  indeed,  the  lattice 
relaxation  -  an  essential  feature  in  the  dynamics  of 
desorption  -  will  almost  certainly  modify  the 
relative  energies  of  the  various  levels  shown  here. 

Localized  vibrational  excitations  of  the  charged  lattice  could  also  produce  electronic  excitation  in  a 
desorbing  ground-state  atom  via  electric  dipole  interactions.  Calculations  by  Bickham  and  Sievers20 
show  that  excitation  of  a  crystal  with  an  anharmonic  lattice  potential  can  lead  to  the  formation  of  localized 
vibrational  modes  of  a  solid.  The  energy  required  is  typically  that  required  for  creation  of  an  excited  F- 
center.  However,  in  the  alkali  halides,  these  modes  are  only  formed  for  the  two-dimensional  lattice  - 
consistent  with  the  idea  that  this  might  be  a  purely  surface  phenomenon.  That,  of  course,  would  fit  the 
case  either  of  PSD  or  laser  desorption/ablation. 
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Figure  12.  Energies  of  the  4p  electronic  state 
in  the  K  atom  and  the  relevant  F-center  energies  in 
KCI.  All  energies  are  given  in  eV. 
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Wc  have  observed  desorption  and  ablation  of  excited  atoms  and  ions  from  the  surface  of  KC1  as  a 
function  both  of  dose  and,  in  the  case  of  ions,  as  a  function  of  time  following  the  arrival  of  the  laser  pulse. 
These  experiments  demonstrate  the  sensitivity  of  the  excited-atom  yields  to  the  conditions  of  the  surface, 
even  at  intensities  characteristic  of  laser  ablation;  moreover,  the  excited  atoms  show  evidence  for  a 
different  dynamical  origin  than  the  ions,  thus  making  them  interesting  objects  of  study. 

Experimental  results  for  laser-induced  desorption  and  ablation  are  consistent  with  the  low-intensity 
results  of  valence-band-induced  desorption  by  synchrotron  radiation.  However,  at  high  powers,  there  is 
evidence  for  desorption  not  only  from  perfect  lattice  sites  but  from  defects  created  by  the  laser  radiation. 
The  final  states  of  die  desorbing  atoms  and  ions  appear  to  be  strongly  influenced  by  the  metallization  of  the 
surface  -  a  metallization  arising  from  the  preferential  ejection  of  atoms  and  ions  from  the  halogen  sublattice 
of  KC1.  The  defect  sites  which  play  a  prominent  role  in  the  or  shot-number  dependence  of  the  ion  and 
excited  atom  yields  at  high  intensities  are  energetically  more  susceptible  to  desorption  than  perfect  lattice 
sites.  Therefore,  even  though  multiphoton  excitation  may  be  required  initially  to  create  the  lattice  defects, 
desorption  can  occur  even  for  sub-bandgap  photon  energies  characteristic  of  lasers  because  the  electronic 
structure.of  the  defects  places  them  closer  to  the  conduction  band  than  the  bulk  bandgap  energy. 

The  origin  of  the  excited  electronic  state  observed  in  desorbing  atoms  remains  something  of  a 
mystery.  While  it  is  clear  that  the  metallization  of  the  surface  plays  a  role  in  the  initial  creation  of  this  state 
and  in  its  temporal  evolution  with  absorbed  photon  dose,  we  presently  have  no  knowledge  of  the  temporal 
evolution  of  either  the  ground-state  or  the  excited  state  yields  following  irradiation  by  a  laser  pulse. 
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Studies  of  surface  effects  arising  fro r  i.  heavy  particle  or  photon  irradiation  of  dielectric  surfaces  are  increasingly  focusing 

on  the  electronic  interacaons  by  which  .  absorbed,  localized,  and  transformed  or  transferred  pnor  to  the  ultimate  dissipation 

of  the  incident  er.crev  -  through,  f<  :.  ejection  of  atoms  or  molecules  from  the  dielectric  Recent  experiments  in  our 

labnratones  illustrate  the  varied  roles  pla,  .J  by  electronic  transitions  in  determ.ning  the  flow  of  electronic  energy  during  the 
bombardment  of  dielectric  surfaces  by  photons,  electrons  and  heavy  particles  Specific  examples  include:  the  effects  of  surface 
overlayers  and  adsorbed  hydrogen  in  retarding  substrate  desorption:  substrate-temperature-  and  energv-resolved  studies  of  photon- 
stimulated  desorption  from  alkali  halides;  and  electronic  level-hybridization  effects  in  the  sputtering  of  metal  oxides  by  argon  ions. 
These  simple  model  systems  are  a  critical  testing  ground  for  studying  the  mechanisms  of  surface  radiation  djmage  in  more  complex 
matenals  because  of  the  wealth  of  information  available  about  their  electronic  and  geometric  structure,  and  because  the  character  and 
modes  of  formation  of  their  permanent  electronic  defects  are  well  understood 
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Studies  of  surface  effects  arising  from  electron,  heavy  particle  or  photon  irradiation  of  dielectric  surfaces  are  increasinglv  ftvusing 
on  the  electronic  interactions  by  which  energy  is  absorbed,  localized,  and  transformed  or  transferred  prior  to  the  ultimate  dissipation 
of  the  incident  energy  -  through,  for  example,  ejection  of  atoms  or  molecules  from  the  dielectric.  Resent  experiments  m  our 
laboratories  illustrate  the  varied  roles  played  by  electronic  transitions  in  determining  the  flow  of  electronic  energs  during  the 
ht-mbardment  of  dielectric  surfaces  by  photons,  electrons  and  heave  particle'  Specific  examples  include  the  effects  of  surface 
overlaxers  and  adsorbed  hydrogen  in  retarding  substrate  desorption;  substrate-temperature-  and  energy-resolved  studies  of  photon- 
"timul.stcd  des.'rjMion  from  alkali  halides,  and  electronic  level-hybridi/aiion  effects  in  the  sputtering  of  metal  oxides  b\  argon  ions 
These  simple  model  systems  are  a  critical  testing  ground  for  studs  mg  the  mechanisms  of  surface  radiation  damage  in  more  complex 
materials  because  of  the  wealth  of  information  available  about  their  electronic  and  geometric  structure,  and  because  the  character  and 
modes  of  formation  of  their  permanent  electronic  defects  are  well  understood 
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1.  Introduction 

Hie  phenomenology  of  radiation  effects  at  dielectric 
surfaces  exhibits  a  remarkable  richness  and  complexity, 
ranging  from  luminescence  to  desorption  of  individual 
atoms  or  molecules,  and  on  to  rapid,  efficient  etching  of 
large  surface  areas  and  macroscopic  track  formation. 
Scientifically,  surface  radiation  effects  in  dielectrics  are 
interesting  because  the  large  band-gap  of  these  materi¬ 
als  creates  many  channels  through  which  incident  en¬ 
ergy  can  be  absorbed,  localized  and  transformed  into 
the  kinetic  energy  necessary  to  break  a  bond  in  a  solid 
lattice  or  network.  In  technology,  dielectric  surface 
damage  plays  a  critical  role  in  such  diverse  areas  as 
microelectronics  fabrication  and  reliability,  damage  to 
high-power  laser  optical  elements,  and  the  development 
of  optical  elements  for  high -power  tunable  ultraviolet 
and  X-ray  light  sources. 

Studies  of  desorption,  ablation,  erosion  and  etching 
induced  by  energetic  photons,  electrons  and  heavy  par¬ 
ticles  are  increasingly  emphasizing  the  microscopic  de- 
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tails  of  the  electronic  mechanisms  responsible  for  these 
phenomena  This  concern  for  electronic  rather  than 
thermal  mechanisms  is  particularly  appropriate  for  di¬ 
electrics.  because  electronic  features  play  significant 
roles  in  virtually  all  radiation  effects,  including  those 
accompanying  low-energy  sputtered  particles  moving 
adiahaticully  with  respect  to  electronic  velocities  in  the 
solid,  low-energy  (primary  or  secondary)  electrons  or 
ultraviolet  photons  which  are  absorbed  in  thin  layers 
near  the  surface;  and  laser  photons  for  which  the  broken 
spatial  symmetry  at  the  surface  allows  nonlinear  or 
resonant  interactions  which  are  forbidden  in  the  bulk 
Moreover,  in  many  instances  -  as  in  intracavity  optical 
damage  in  gas  lasers  or  reactive  ion  etching  simulta¬ 
neous  irradiation  by  photons  and/or  electrons  and/or 
heavy  particles  produces  synergistic  effects  which  can¬ 
not  he  explained  as  a  linear  superposition  of  individual 
processes  Hence,  a  detailed  understanding  of  the  avail¬ 
able  electronic  channels  through  which  energy  can  he 
absorbed,  localized,  transformed  and  dissipated  is  a  sine 
qua  non  for  understanding  the  immense  variety  of 
radiation  effects. 

Conversely,  the  need  for  identifying  the  specific 
material  characteristics  that  play  the  decisive  roles  in 
enhancing  or  inhibiting  damage  is  pushing  us  beyond 
older  models  of  desorption  (or  sputtering),  particularly 
at  low  energies,  because  it  is  becoming  increasingly 
apparent  that  energy  is  often  not  shared  in  a  statistical 
(thermal  or  collisional)  way  among  all  the  atoms  in  the 
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M'phi-nv.itcd  pic lure  in  which  the  flow  ol  ciictgv  into 
;nui  .'ill  of  the  surface  o  tracked  within  the  framework 
of  ui  ..lch  winch  are  faithful  both  to  the  fundamental 
interaction  ph\MCs  ol  particles  or  photons  with  tiic 
surface,  and  to  the  electronic  properties  of  those  materi¬ 
als. 

In  particle-,  electron-  and  photon-induced  radiation 
damage,  electronic  mechanisms  are  manifested  in  several 
geneneally  distinct  ways,  including:  excitation  of  elec¬ 
trons  into  the  conduction  hand  and  excitation  of  atomic 
and  molecular  species  on  and  near  the  surface:  creation 
of  bound  electron-hole  pairs,  possible  with  subsequent 
relaxation  into  permanent  electronic  defects  and 
atomic/  molecular  excitations  in  surface  overlayers; 
competition  between  “direct"  desorption  and  desorp¬ 
tion  following  diffusion  of  radiation-induced  defects  to 
the  surface;  and  effects  of  the  energy-level  structure  of  a 
particle-surface  system  on  the  internal  quantum  status 
of  desorbed  particles.  In  this  review,  we  shall  illustrate 
these  general  considerations  with  several  examples: 

-  optical  radiation  from  electron-  and  photon-irradia¬ 
ted  surface  overlayers; 

-  photon-stimulated  desorption  of  alkali  metals  from 
alkali  halides;  and 

-  velocity  distributions  of  excited  metal  atoms  sputtered 
from  a  metal  and  its  oxide. 

The  emphasis  in  the  experiments  is  on  measurements  of 
quantum  states  of  desorbed  particles,  including  their 
temporal  evolution,  with  the  ultimate  goal  of  inferring 
the  details  of  the  potentials  w'hich  give  rise  to  the 
observed  states 


2.  Experimental  apparatus  and  procedure 

The  key  insight  underlying  the  dynamical  studies 
presented  here  is  that  desorption  from  dielectric  surfaces 
is  overwhelmingly  dominated  by  the  emission  of  neutral 
ground-state  and  excited-state  atoms  and  molecules. 
Therefore,  the  techniques  of  gas-phase  atomic  and 
molecular  optical  spectroscopy  are  the  critical  tools, 
rather  than  the  charged-particle  spectroscopies  typical 
of  surface  analysis  experiments.  Details  of  the  experi¬ 
mental  method  have  been  presented  elsewhere  (1,2),  so 
that  only  the  essential  features  of  our  neutral  desorption 
spectroscopy  apparatus  and  techniques  will  be  high¬ 
lighted  here. 

The  experimental  layout  of  the  ESD/PSD  experi¬ 
ments  is  shown  schematically  in  fig.  1.  The  sample  - 
typically  a  cleaved,  single-crystal  alkali  halide  -  is 
mounted  on  a  heated  micromanipulator  in  an  ultrahigh 
vacuum  (UHV)  system,  at  a  nominal  base  pressure  of  a 
few  times  10" 10  Torr.  Radiation  incident  on  the  target 
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big  1.  Schematic  of  experimental  apparaiuv  for  measuring  the 
properties  of  neutral  atoms  and  molecules  desorbed  from  solid 
surfaces  by  electron,  ion  or  phoion  impact.  Radiation  from  the 
desorbed  particles  is  detected  in  a  spectrometer  arranged  to 
view  them  in  flight  from  the  surface:  the  tunable  laser  Is  used 
to  induce  fluorescence  in  selected  ground-state  species 

produces  desorbed  species  emerging  toward  the  irradia¬ 
tion  source,  which  in  our  experiments  was  either  a 
low-energy,  high-current  electron  gun  or  the  beam  from 
the  Aladdin  synchrotron  storage  ring  at  the  University 
of  Wisconsin.  De-excitation  radiation  from  neutral 
atoms  leaving  the  surface  of  the  target  material  was 
detected  by  an  optical  system  arranged  to  view  a  small 
volume  (about  5  X  10"  5  cm')  out  in  front  of  the  target 
Radiation  emitted  from  this  volume  along  a  line  or¬ 
thogonal  to  the  irradiating  source  beam  and  parallel  to 
the  exposed  face  of  the  sample  was  imaged  by  a  lens 
system  onto  the  entrance  slit  of  a  spectrometer-photo¬ 
multiplier  combination.  The  optimum  observation 
volume  was  selected  by  manipulating  the  target  to  mini¬ 
mize  background  from  the  bulk  luminescence  of  the 
sample. 

In  this  experimental  geometry,  desorbing  ground- 
state  neutral  alkali  atoms  are  illuminated  from  the  rear 
of  the  sample  by  the  TEM,*,  (fundamental  Gaussian) 
mode  from  a  single-frequency,  actively-stabilized  tuna¬ 
ble  dye  laser.  Alkali  atoms  leaving  the  surface  undergo 
resonant  absorption  at  the  Doppler-shifted  frequency 
appropriate  to  their  rest  frame  and  radiate  at  the  char¬ 
acteristic  first  resonance  transition  (3p  to  2s)  as  they  fly 
away  from  the  sample  surface.  This  radiation  is  de¬ 
tected  by  the  spectrometer-photomultiplier  combina¬ 
tion  and  the  results  are  stored  in  a  computer  for  off-line 
analysis.  Excited-state  neutral  alkahs.  on  the  other  hand, 
are  detected  from  their  characteristic  de-excitation  fluo¬ 
rescences  lines  when  the  tunable  laser  is  turned  off. 
Desorbing  halogen  species  are  not  observed  in  the  pre¬ 
sent  experimental  setup,  because  their  resonance  lines 
are  in  the  ultraviolet.  However,  excited  desorbing  halo¬ 
gens  should,  in  principle,  be  observable  with  a  uv  spec- 


lew'it.ii.;  muliipii-  u*:.  i> 'ii./.ili' M't  »..q'.ibk  i»i  i n * i » . ^ _ 

permits  i tic  measurement  ol  iclaiive  v ickis  tot  diiictct.t 
particle  species,  desorption  velocity  distributions,  and 
changes  in  emission  characteristics  as  a  function  of 
sample  temperature,  onentation  and  surface  prepara¬ 
tion.  Accurate  yield  measurements  for  a  particular  de¬ 
sorbing  species,  on  the  other  hand,  can  be  made  in  a 
Doppler-free  geometry,  in  which  the  laser  is  injected 
perpendicular  both  to  the  incident  electron  or  photon 
beam  and  to  the  spectrometer  line-of-sight.  Desorbed 
ions  and  electrons  can  also  be  measured  by  inserting, 
close  to  the  point  of  electron  or  photon  impact,  an 
electrostatic  analyzer  with  an  exit-plane  Channeltron 
detector.  In  this  way.  it  is  possible  to  measure  essen¬ 
tially  all  the  desorption  products  relevant  to  the  dy¬ 
namics. 

In  the  sputtering  experiments  described  in  section  5. 
the  geometry  is  similar,  but  the  spectrometer  views  the 
desorbing  particles  at  an  angle  to  the  surface  normal  in 
order  to  measure  their  velocity  distribution.  Connecting 
the  observed  laser-induced  fluorescence  with  the  veloc¬ 
ity  distribution  requires  the  choice  of  a  model  for  the 
sputtering  process,  in  order  to  deconvolve  the  contribu¬ 
tions  of  excited-state  radiation  from  atoms  traveling  in 
different  directions;  in  this  case,  we  assume  the  vuiiditv 
of  the  collision  cascade  and  calculate  the  velocity  distri¬ 
bution  for  a  given  spectrometer  angle  using  the  Thomp¬ 
son  formula.  That  this  is  a  reasonable  choice  has  been 
shown  in  a  great  many  experiments,  provided  the  direct 
knock-on  contribution  remains  insignificant  -  which 
requires  using  the  incident  sputtering  beam  at  near-nor¬ 
mal  incidence. 

3.  Experiments:  luminescence  and  desorption  from 
surface  overlayers 

Surface  overlayers  play  a  critical  role  in  understand¬ 
ing  desorption  phenomena  at  surfaces,  whether  they  are 
artifacts  of  surface  preparation,  are  deliberately  in¬ 
troduced.  or  are  created  by  diffusion  from  the  sub¬ 
surface  bulk.  These  overlayers  can  saturate  dangling 
bonds,  influence  surface  composition  and  chemistry, 
modify  surface  geometry  or  electronic  structure,  and 
provide  a  nonvacuum  interface  which  getters  defects 
and  impurities  from  the  bulk.  In  the  experiments  de¬ 
scribed  below,  we  shall  discuss  results  suggesting  that 
surface  overlayers  may  also  inhibit  desorption,  thus 
acting  as  an  energy  reservoir,  or  even  a  protective 
medium,  for  the  substrate. 

Experimentally,  it  is  found  that  low-energy  electrons, 
heavy  particles  (atoms  or  ions)  and  photons  incident  on 
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Fig.  2,  Broadband  luminescence  in  the  form  of  molecular 
vibrational  hands  observed  during  photon  bombardment  of  a 
single  crystal  of  KC1  m  ultrahigh  vacuum:  the  source  is  the 
first-order  light  from  the  Aladdin  synchrotron  light  source  The 
ultraviolet  light  spectrum  in  the  region  between  230  and  200 
mu  is  the  fundamental:  the  risible  bands  come  from  the 
second  order  of  the  diffraction  grating  in  the  speetromeier. 
Note  the  He-Ne  laser  line  used  for  wavelength  calibration  ai 
632.8  nm. 


dielectric  surfaces  produce  two  readily  distinguishable 
optical  signals:  a  broad-band  bulk  luminescence,  and 
line  radiation  from  excited  atomic  and  molecular  species 
originating  both  in  the  nominal  substrate  surface  and  in 
the  overlayer.  The  bulk  luminescence,  which  is  fre¬ 
quently  considered  as  a  superposition  of  separately 
identifiable  hands  tens  of  nanometers  wide,  arises  from 
the  decay  of  electrons  excited  into  the  conduction  band 
to  lower-lying  defect  states  ("trap  states”)  whose  en¬ 
ergies  lie  within  the  bulk  band  gap.  The  bulk  lumines¬ 
cence  is  relatively  structureless,  and  varies  only  a  little 
from  one  material  to  another.  Its  amplitude  is.  however, 
a  strong  function  of  the  sample  preparation;  it  can  be 
considerably  reduced,  for  instance,  by  heating. 

One  feature  of  the  spectrum  which  does  change  from 
material  to  material  is  a  molecular  band  system  in  the 
ultraviolet,  shown  in  fig  2.  This  striking  radiation  sig¬ 
nature  has  been  observed  in  a  number  of  experiments 
with  electron,  ton.  and  photon  bombardment  of  alkali 
halides  [4— 7J.  including  excitation  by  the  white-light 
spectrum  of  the  Aladdin  synchrotron  light  source  [5] 
The  spacing  of  the  bands  in  this  system  is  approxi¬ 
mately  0.25  eV,  which  is  characteristic  of  the  most 
strongly  bound  diatomic  molecules  and  molecular  ions, 
such  as  H2.  CO.  CN"  and  NO*. 

The  most  frequently  nominated  candidate  for  the 
source  of  the  radiation  has  been  CN",  because  it  is  a 
pseudo-halide  [5,6],  has  a  size  consistent  with  the  Cl" 
ion  in  a  normal  alkali  halide  lattice,  and  because  the 
bands  match  expectations  for  the  A(3J7)  -  X('.T)  tran¬ 
sition  in  CN“.  (The  long  lifetime  of  the  transition 
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Fig.  3.  Comparison  of  the  time  dependence  of  the  radiation 
from  the  vibrational  bands  of  CN  *  (measured  lifetime  St)  nisi 
and  from  the  bulk  luminescence  created  by  electron  bombard¬ 
ment  of  KCI  (“instantaneous"  decay  on  this  time  scale)  The 
long  lifetime  of  the  CN -  radiation  is  characteristic  of  a 
triplet-singlet  transition 

argues  in  favor  of  its  being  emission  from  the  lowest 
triplet  state  to  a  singlet  ground-state;  however,  argu¬ 
ments  can  be  adduced  in  favor  of  either  a  ' H  or  a  - 
initial  state  in  this  case.  A  definitive  identification  of 
the  upper  level  would  require  determination  of  the 
symmetry  of  the  excited  state.)  However,  some  experi¬ 
mental  observations  -  notably,  the  growth  in  intensity 
of  the  bands  as  the  sample  is  dosed  with  water  vapor  |6] 
-  are  not  consistent  with  a  simple  picture  of  CN 
substitutional  impurities.  Moreover,  it  remains  unclear 
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i .icii.it i* m  is  exceptiotialiv  low;  w  nchiou,  mi  i.uii.ition 
experiments  show  that  the  CN  radiation  can  be  excited 
with  8.5  eV  ultraviolet  photons.  These  issues  are  a 
matter  of  continuing  investigation  |“) 

I  line- 1 evolved  measurements  of  this  radiation  have 
revealed  a  nunihei  ot  interesting  properties  lelaling  to 
the  role  of  the  molecular  luminescence  in  the  dvnainics 
.a  ilesorpnon  from  the  underlving  substtate  Hits  is 
illustrated  in  fig.  where  the  behavior  of  the  bulk 
fluorescence  is  contrasted  with  that  of  the  CN  .  The 
KCI  sample  was  irradiated  with  a  pulsed  electron  beam 
at  low  energy  (200  eV).  while  the  output  of  the  spec¬ 
trometer  detecting  the  radiation  was  fed  into  a  multi¬ 
channel  analyzer.  The  bulk  fluorescence  turns  on  and 
off  synchronously  with  the  electron  pulse  (to  within  the 
10-gs  time  resolution  of  the  multichannel  analyzer), 
while  the  CN  radiation  is  astonishingly  long-lived, 
with  a  lifetime  of  -  80  ms.  This  means  that  the  incident 
electronic  energy  is  "stored"  as  it  strikes  the  surface, 
then  released  for  a  long  period  of  time  after  the  radia¬ 
tion  source  is  turned  off.  probably  because  it  arises 
from  a  forbidden  triplet-singlet  transition. 

There  is  evidence  that  the  presence  of  these  bands  is 
correlated  with  the  absence  of  excited-state  radiation 
from  substrate  atoms  -  thus  showing  that  the  CN 
radiation  acts  as  a  kind  of  reservoir  for  the  incident 
electronic  energy,  competing  with  excited-state  desorp¬ 
tion  for  the  available  energy.  Whether  or  not  this  indi- 
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Fig.  4.  Optical  emission  spectra  of  excited  atoms  emitted  from  the  surface  of  clean  KCI  and  from  KCI  in  a  low  ambient  pressure  of 
hydrogen  gas,  under  low-energy  electron  bombardment.  Note  the  disappearance  of  the  excited  potassium  line  when  the  hydrogen  is 
admitted  to  the  ultrahigh  vacuum  chamber.  The  KCI  sample  was  at  room  temperature,  so  the  hydrogen  is  presumed  to  be  weakly 

physisorbed. 
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scientific  and  technological  reasons.  Wt  have  found  tlt.it 
the  phvsisorption  of  hvdrogen  on  Kt'l  is  correlated  with 
the  disappearance  of  excited-state  potassium  atoms 
desorbed  from  the  clean  KC1  surface  at  room  tempera¬ 
ture.  as  shown  in  fig.  4;  the  potassium  doublet  at 
77b  770  nm  disappears  from  the  spectrum  with  the 
addition  of  a  partial  pressure  of  H  ■  amounting  to  on  Is 
2  >'■  lir  "  dorr.  This  shows  that  hydrogen  has  inhibited 
the  otherwise  efficient  electron-stimulated  desorption  of 
excited  potassium  atoms  from  the  substrate,  and  thus 
effectively  closed  a  particular  electronic  mechanism  for 
energy  absorption,  transformation  and  dissipation,  pre¬ 
sumable  through  the  alteration  of  the  surface  electronic 
structure  Whether  or  not  the  hydrogen  might  be  func¬ 
tioning  as  a  kind  of  "protective  barrier"  against  macro¬ 
scopic  erosion  can  only  be  conjectured  for  now.  since 
simultaneous  measurements  of  the  desorbing  ground- 
state  potassium  atoms  -  which  should  be  by  far  the 
more  numerous  species  -  have  not  yet  been  undertaken. 
In  any  case,  other  measurements  made  with  hydrogen 
on  KC1  indicate  that  the  physisorbed  hvdrogen  dissoci¬ 
ates  to  form  strong  surface  bonds,  and  this  “chemical" 
interaction  has  a  strong  effect  on  the  electronic  channels 
available  for  electron-induced  desorption 

Both  of  these  examples  illustrate  the  importance  of 
surface  overlayers  not  only  in  influencing  surface  chem¬ 
istry.  but  also  in  controlling  the  flow  of  energy  de¬ 
posited  by  electrons,  ions  and  photons  in  the  surface 
and  near-surface  bulk  regions  of  dielectrics.  The  CN~ 
radiation,  for  example,  appears  to  be  a  result  of  a 
mechanism  for  storing  incident  energy  for  long  periods 
of  time  and  then  releasing  it  through  nondesorptive 
channels.  In  contrast  to  the  bulk  luminescence,  the 
incoming  energy  appears  to  be  localized  on  a  particular 
molecular  species,  and  to  be  exceedingly  long-lived  (on 
the  time  scale  of  typical  molecular  excitation  lifetimes) 
-  but  the  initial  excitation  does  not  give  rise  to  the 
localized  distortion  of  the  surface  lattice  that  could 
produce  desorption. 


4.  Experiments:  surface  effects  in  photon-stimulated  de¬ 
sorption 

A  large  number  of  experiments  conducted  over  some 
two  decades  (8,9]  has  shown  that  the  electron-  and 
photon-stimulated  desorption  (ESD/PSD)  of  halogen 
atoms  from  alkali  halides  is  a  result  of  the  formation  of 
mobile  H  centers  (the  so-called  “crowdion",  neutral 
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Fig  5.  ('omp.iriv.in  of  ground-Mute  with  excited-state  lithium 
atom  yield  from  the  photon-irradiated  surface  of  LiF.  mea¬ 
sured  as  a  function  of  bombarding  photon  energv  The  “off- 
resonance"  points  were  taken  bv  shifting  ihe  tunable  dve  laser 
(see  fig  li  off  the  first  resonance  line  of  the  lithium  atoms  at 
670  7  nm. 


halogen  atoms  compressed  into  interstices  along  the 
(110)  crystal  directions).  Systematic  studies  of  alkali 
metal  atoms  desorbed  by  photon  irradiation  of  sodium 
halides  showed  that  the  velocity  distributions  of  the 
ground-state  alkalis  were  Maxwellian  with  a  tempera¬ 
ture  equal  to  that  of  the  surface  [10],  leading  to  the 
conclusion  that  the  desorption  of  the  alkalis  was  essen¬ 
tially  a  thermal  process.  However,  more  recent  LSD 
studies  ]11]  of  Li°  desorbed  from  LiF  have  shown  that 
at  high  temperatures,  the  rate-limiting  time  scale  in  the 
LSD  process  is  that  of  F-center  diffusion  from  the 
near-surface  bulk  to  the  surface. 

Experiments  in  both  the  electron-  and  photon- 
stimulated  desorption  of  excited  and  ground-state  neu¬ 
tral  alkalis  from  alkali  halides  showed  that,  where  the 
ground  state  neutral  alkalis  are  desorbed  thermally, 
following  the  diffusion  of  radiation-induced  F-center  to 
the  surface,  the  excited  states  exhibited  a  more  complex 
behavior  [12,13]  In  recent  experiments  using  synchro¬ 
tron  radiation,  we  have  measured  the  behavior  of  the 
desorbed  excited-state  lithium  atoms  is  the  vicinity  of 
the  Is  core  exciton.  In  fig.  5.  yields  of  both  the  desorbed 
ground-state  (Li°)  and  excited-state  (Li*)  atoms  are 
shown  as  a  function  of  incident  photon  energy.  The 
clear  signature  of  an  electronic  excitation  mechanism  is 
the  large  resonant  yield  of  Li*  shown.  Such  a  large 
yield  could,  of  course,  be  evidence  of  the  excitation  of 
gas-phase  Li°  already  desorbed  from  the  surface  but 
not  yet  outside  the  collection  solid  angle  of  the  spec¬ 
trometer  (see  fig.  1),  as  has  already  been  proposed  as  a 
mechanism  for  creating  Na*  by  electron  bombardment 
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ettergv  to  account  lor  the  observed  increase  in  fluores¬ 
cence  yield  [15],  The  virtually  instantaneous  desorption 
of  the  1  i*  compared  to  the  slow,  diffusion-dominated 
desorption  of  Li°  indicates  that  a  specific  electronic 
mechanism  -  a  core-hole  excitation,  in  this  case  -  ts 
directly  correlated  with  the  desorption  phenomenon. 

A  further  indication  that  the  yield  of  excited  alkalis 
is.  to  a  significant  degree,  influenced  by  electronic  exci¬ 
tation  mechanisms  and  surface  electronic  structure 
rather  than  thermally-dnven  processes,  such  as  diffu¬ 
sion,  comes  from  studies  of  excited  atom  yields  as  a 
function  of  temperature.  In  an  earlier  experiment,  pho- 
tpn-stimulated  desorption  of  Na*  was  measured  as  a 
function  of  temperature  [16],  and  there  were  indications 
that  the  yield  of  Na*  decreased  with  temperature,  while 
the  yield  of  Nac‘  increased.  Corresponding  measure¬ 
ments  in  electron-stimulated  desorption  of  Li*  from 
LiF  showed  that  Li  *  emission  yields  remained  essen¬ 
tially  constant  throughout  a  temperature  range  in  which 
the  yield  of  Li°  increased  from  zero  to  its  saturation 
value  [12], 

However,  the  opposite  trend  as  a  function  of  sub- 
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1O0)  in  excess  of  those  available  for  the  measurements 
of  ref.  1 1 4 J .  They  indicate  an  increase  of  yield  with 
temperature,  although  the  rate  of  increase  appears  to  he 
less  than  that  observed  for  the  ground-state  yield. 

The  resolution  of  this  apparently  contradictory  be¬ 
havior  may  lie.  perhaps,  in  the  foremost  spectrum  in  fig 
6.  which  shows  lhai  the  yield  returns  to  its  former  value 
when  a  new  spot  is  irradiaied.  Since  the  near-surface 
bulk  luminescence  retains  its  general  shape  and  yield 
for  all  the  spectra,  we  can  infer  that  the  absorption  of 
the  incident  energv  in  the  near-surface  hulk  is  not  much 
affected  by  surface  radiation  damage.  But  the  Li*  yield 
is  evidently  extremely  sensitive  to  surface  conditions, 
and  it  is  difficult  to  imaging  a  thermally  activated 
process  with  that  degree  of  sensitivity  unless  it  involves 
the  interaction  of  thermally-driven  defects  with  the 
surface.  The  measurements  of  ref.  [14J  were  taken  using 
the  Tantalus  storage  ring  as  the  ultraviolet  photon 
source,  while  those  shown  above  were  measured  on 
Aladdin  -  a  source  with  both  significantly  higher 
brightness  and  a  higher  endpoint  energy  than  the  pho¬ 
ton  flux  from  Tantalus. 
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Fig.  6.  Temperature  dependence  of  the  radiation  from  excited-state  lithium  atoms  desorbed  from  the  surface  of  LiF  under  ultraviolet 
photon  irradiation.  Note  that  the  final  (foremost)  spectrum  is  taken  with  the  photon  beam  striking  a  previously  unirradiated  spot  on 
the  crystal  surface,  but  is  taken  at  virtually  the  same  temperature  as  the  spectrum  just  preceding  it. 
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5.  Experiment:  final-state  particle-surface  interactions  in 
sputtering 

The  collision-cascade  theory  of  sputtering  |17|  lias 
been  applied  with  significant  success  to  the  prediction 
of  vields  and  energy  distributions  of  substrate  atoms 
desorbed  bv  energetic  ions  from  both  metals  and  insula¬ 
tors  [18).  However,  the  study  of  more  detailed  dynami¬ 
cal  characteristics  of  desorbed  excited  atoms  -  such  as 
their  velocity  distributions  -  has  remained  an  active  and 
even  controversial  field  of  inquiry,  because  the  statisti¬ 
cal  distributions  of  excited  states  predicted  by  the 
cascade  model  fail  to  agree  with  experimental  data. 
Resonant  tunneling  models  [19]  by  themselves  also  ap- 
parentlv  do  not  give  a  complete  picture.  We  have  found 
in  recent  experiments  that  the  electronic  properties  of 
the  sputtered  solid  can  have  significant  effects  on  veloc¬ 
ity  distributions,  and  may  hold  the  key  to  a  more 
complete  understanding  of  internal  quantum  states  of 
desorbed  excited  atoms.  Indeed,  these  recent  results 
suggest  that  neither  the  simple  resonant  tunneling  model 
nor  the  static  bulk  band  theory  is  adequate  to  explain 
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states  created  in  the  interaction  ol  (inlcmal)  collision 
products  wiih  the  surface:  (2)  through  charge-exchange 
processes  (such  as  Auger  decay  and  tunneling)  in  the 
final  (external  i  interaction  with  the  surface;  (?)  from  the 
inflight  decay  of  molecules  ciealcd  in  pre-dissocialivc 
states  via  collisions  with  surface  atoms:  and  (4i  through 
secondary  electron  impact  on  desorbed  ground-state 
atoms  and  molecules  In  all  of  these  processes,  it  is 
assumed  that  the  relevant  quantum  numbers  are  to  be 
found  from  an  examination  of  the  band  structure  of  the 
sputtered  solid  (modified  as  appropriate  at  the  surface) 
and  the  electronic  structure  of  the  desorbed  atom  How¬ 
ever.  both  the  band  structure  and  the  atomic  structure 
are  modified  spatiallv  and  temporally  in  a  dynamical 
way  by  the  interaction,  and  it  is  necessary  to  consider 
those  modifications  to  the  static  picture  if  we  are  to 
understand  the  sputtering  process. 

The  model  we  have  in  mind  is  sketched  in  fig.  7;  to 
simplify  matters,  we  deal  only  with  the  first  resonance 
level  of  the  desorbing  atom  For  an  atom  desorbed  from 
the  surface,  we  are  dealing  with  a  bond-breaking  pro¬ 
cess  made  possible  by  collisional  processes,  and  we 
assume  in  general  that  the  desorbing  particle  exists  as 
an  ion  inside  the  solid.  As  is  well  known,  ihe  atoms 
escaping  from  the  surface  have  energies  which  are  typi- 
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Fig.  7.  Schematic  energy-level  diagram  showing  the  relative  positions  of  (from  left)  the  density  of  states  in  a  metal;  the  spectrum  of  a 
two-level  atom  as  a  function  of  distance  from  the  metal;  and  the  spectrum  of  bands  and  surface  states  in  a  metal  oxide.  Note  the 
shifting  and  broadening  of  the  atomic  levels  very  close  to  the  metal  surface,  which  may  have  the  effect  either  of  raising  the  excited 
level  £,  above  the  Fermi  surface  (case  (a),  typical  of  transition  metals)  or  of  lowering  it  below  the  Fermi  level  (case  (b),  as 
calculations  show  to  be  the  situation  for  the  4s  level  of  Al,  for  example).  The  existence  and  the  spectrum  of  the  surface  states  for  the 
oxide  is  extremely  sensitive  to  the  type  of  material  and  the  condition  of  the  surface. 


VI.  SPUTTERING/DESORPTION 


Fig.  8.  Measured  Doppler-shifted  laser-induced  emission  spectra  for  excited  Al  atoms  sputtered  from  the  surfaces  of  clean  A l  and 
aluminum  oxide,  as  indicated.  The  emission  line  shown  is  the  first  resonance  line  The  hollow-cathode  lamp  spectrum  gives  a 
calibration  for  thermal  velocity  atoms  Velocity  distributions  are  inferred  by  convolving  the  emission  spectra  unh  the  Thompson 

form  of  the  sputtered  atom  energy  distribution. 


cally  much  less  than  the  Bohr  velocity  (corresponding  to 
an  energy  of  a  few  electron  volts),  so  we  can  assume 
that  the  adiabatic  condition  is  satisfied.  In  our  experi¬ 
ments.  where  the  velocity  distributions  of  only  the  ex¬ 
cited  atoms  are  observed,  the  changes  in  velocity  distri¬ 
bution  from  metal  to  oxide  can  only  be  interpreted  as 
arising  from  loss  of  flux  in  the  excited-atom  exit  chan¬ 
nel;  since  we  have  no  information  about  other  desorb¬ 
ing  species,  we  can  only  guess  at  the  most  likely  mecha- 
nism(s). 

Now  two  separate  kinds  of  experimental  observa¬ 
tions  need  to  be  reconciled;  First,  the  yield  of  sputtered 
excited  neutral  atoms  always  appears  to  increase  in 
comparing  desorption  (sputtering)  from  a  metal  to  de¬ 
sorption  from  its  corresponding  oxide;  in  the  present 
work,  changes  of  factors  of  two  to  ten  in  the  total 
intensity  of  the  observed  atomic  emission  line  were 
observed.  Second,  the  velocities  and  the  velocity  distri¬ 
bution  of  the  desorbing  particle  appears  to  be  strongly 
influenced  by  the  ability  to  lose  excitation  through 
resonant  tunneling.  That  is,  the  flux  of  excited  slow 
atoms  can  be  reduced  by  tunneling  deexcitation  (or 
resonant  neutralization),  thus  preferentially  preserving 
the  fast  excited  neutrals.  As  we  shall  show,  even  a 
consistent,  qualitative  treatment  of  this  process  requires 
an  understanding  of  the  dynamical  relationships  be¬ 
tween  atomic  or  ion  levels  and  the  solid  state  electronic 
structure. 


It  has  been  known  for  a  long  time  that  the  flux  of 
excited  sputtered  atoms  increases  from  a  metal  to  its 
corresponding  oxide.  The  classic  picture  of  resonance 
tunneling  [20]  used  to  explain  this  effect  assumed  that, 
if  the  excited  atomic  level  were  in  the  unoccupied  region 
of  states  above  the  metal  Fermi  level,  resonance  ioniza¬ 
tion  would  occur  due  to  tunneling  into  an  unoccupied 
metallic  electron  state  -  thus  preferentially  removing  an 
electron  from  slow-moving  atoms  near  the  surface.  In 
the  case  of  the  oxide,  on  the  other  hand,  it  was  assumed 
that  no  such  tunneling  would  be  possible  since  the 
excited  atomic  state  would  lie  in  the  forbidden  band 
gap  of  the  oxide,  permitting  the  excited  atoms  to  survive 
long  enough  to  escape  from  the  surface.  Such  a  picture 
would  support  both  a  broadening  of  the  velocity  distri¬ 
bution  of  excited  atoms  sputtered  from  a  metal,  and  the 
increased  yield  in  excited  states  for  sputtering  from  the 
corresponding  oxide. 

Our  recent  experiments  on  Al  and  A1:0,.  however, 
show  precisely  the  opposite  result:  the  yield  of  Al*  is 
higher  from  the  oxide,  but  the  velocity  distribution  for 
the  oxide  is  broader  than  that  observed  for  Al  *  de¬ 
sorbed  from  the  metal  surface,  indicating  a  preferential 
destruction  of  slower  moving  excited  Al  atoms  for  the 
oxide,  rather  than  for  the  metal  where  resonant  tunnel¬ 
ing  should  be  easier.  This  suggests  that  the  simple 
resonant-tunneling  model,  which  explains  both  the 
change  in  yield  and  the  change  in  velocity  distribution 


ivtanifeMutionv  of  the  same  meehaniMii.  is  in:ideuu:tle 

...  s..  .;e-'.  t.icl.  I,..  .'.tic.: 

.  ■■  .  Antes  it;,i\  reflect  noth, mi;  mote  v<»mp'ti  ,:t.  that 
the  last  that  spattering  from  in-uiatoiv  ,md  Item  metals 
take'  plaee  on  a  time  scale  of  a  \ibutional  petmd. 
10  ■ '  HI  •-  s.  On  this  time  scale,  there  are  some  In' 
electronic  fluctuations  in  the  neighborhood  of  a  given 
atom  desorbing  from  a  metal,  giving  mans  possihle 
deoxcitalion  interactions  for  the  excited  desorbing  atom. 
For  an  atom  desorbed  from  an  insulator,  on  the  other 
hand,  the  desorption  lifetime  is  comparable  with  the 
significantly  slower  hopping  rate  for  electrons  in  an 
insulator,  and  hence  the  possibility  of  deexcitation  for 
any  given  atom  is  less. 

If  electronic  tunneling  is  a  significant  contributor  to 
the  differences  in  desorption  between  metals  and  oxides, 
however,  the  measured  velocity  distributions  will  also 
be  very  sensitive  not  only  to  the  velocity  with  which  the 
excited  atoms  leave  the  surface,  but  also  to  the  relative 
positions  of  the  excited  atomic  level  and  the  Fermi 
surface.  If  there  are  surface  states  in  the  band  gap  of  the 
oxide  -  well-known  to  be  the  case  in  aluminum  oxide  - 
those  states  represent  available  channels  for  the  excited 
electron  to  tunnel  into;  if.  in  addition,  the  excited 
atomic  level  is  depressed  w’ith  respect  to  the  Fermi 
surface  of  the  metal,  the  number  of  accessible  tunneling 
states  will  also  be  reduced.  Thus,  the  velocity  distribu¬ 
tion  of  sputtered  excited  atoms  will  be  sensitive  not 
simply  to  the  perpendicular  velocity  of  escape  from  the 
surface  [19]  -  which  is  determined  by  the  properties  of 
the  collision  cascade  in  the  cases  we  have  studied  -  but 
also  the  relative  positions  of  the  excited  level  vis  a  vis 
the  Fermi  surface  of  the  metal  and  any  band-gap  states 
in  the  oxide.  We  are  continuing  the  investigation  of 
these  phenomena  bv  comparing  a  variety  of  metals  and 
their  oxides  in  order  to  determine  how  differing  band 
structures  and  the  presence  or  absence  of  surface  states 
affects  the  velocity  distributions. 

6.  Conclusions 

Both  the  material  surface  and  the  near-surface  bulk 
play  significant  roles,  particularly  in  low-energy  radia¬ 
tion  effects  in  dielectrics.  The  surface,  with  its  exposed 
network  of  bonds,  respects  the  fragile,  reactive  interface 
which  acts  to  influence  the  transfer  of  energy  from 
external  sources  and  the  rates  at  which  substrate  atoms 
and  molecules  can  be  ejected,  as  well  as  providing  the 
final-state  interactions  determining  the  asymptotic 
quantum  states  of  the  ejecta.  The  properties  of  this 
“nominal"  surface  can  be  strongly  influenced  by  (de¬ 
liberately  or  unintentionally)  adsorbed  layers,  even  to 
the  point  of  retarding  desorption  from  the  nominal 
surface.  The  subsurface  atomic  layers  contribute  as  well, 
by  generating  the  band  structure  of  the  material  and 
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suiface  bulk.  In  the  long  run.  understanding  the  mecha¬ 
nisms  of  surface  and  near-surface  radiation  damage  will 
require  a  more  or  less  complete  description  of  all  of 
these  effects 

From  the  point  of  view  of  surface  dynamics,  the 
problem  of  desorption  and  other  radiation  effects  in 
insulators  max  he  characterized  us  a  series  of  differenti¬ 
ated  steps,  each  one  of  which  has  a  more  or  less 
well-known  microscopic  ti  e  .  atomic  scale)  character 
There  is  an  initial  mate  of  the  system,  consisting  of  the 
probing  particles  or  photons  in  known  energy,  momen¬ 
tum  and  internal  quantum  states,  and  a  well-char¬ 
acterized  surface  with  a  given  set  of  energy  bands  and 
constituents  The  radiation  effects  begin  with  an  inter¬ 
action  phase,  described  hv  the  microscopic  physics  of 
the  probe -surface  interaction;  this  interaction  may  be  a 
photon-electron  interaction  creating  excited  states  of 
atoms  or  molecules,  or  electron-hole  pairs;  for  incident 
heavy  particles,  it  may  be  a  collision  vtscade,  producing 
a  shower  of  particles  internal  to  the  solid,  jarred  loose 
by  the  momentum  transferred  by  an  energetic  ion.  In 
any  case,  this  interaction  is  likely  to  be  much  better 
known  and  understood  than  the  phase  of  localization, 
transformation,  and  dissipation,  during  which  the  initial 
electronic  energy  deposited  by  the  probes  is  converted 
into  electronic  energy  of  desorbing  particles,  localized 
electronic  defects  and  restructured  surface  and  sub¬ 
surface  bonds  The  final  state  is  once  again  composed 
of  desorbing  particles  and  a  well-characterized  surface, 
either  of  both  of  which  may  be  be  different  slates  than 
the  initial  state  of  the  system.  The  challenge  to  the 
experimenter  consists  in  elucidating  the  localization, 
transformation  and  dissipation  mechanisms  in  such  a 
wav  as  to  account  for  the  observed  yields  and.  one 
hopes,  to  provide  information  on  the  microscopic 
potentials  responsible  for  the  observed  interaction  prod¬ 
ucts. 

In  recent  years,  methods  of  atomic  and  molecular 
spectroscopy  -  such  as  laser-induced  fluorescence  and 
other  optical  technique  -  have  been  employed  with 
increasing  success  to  determine  the  quantum  states  of 
desorbing  or  sputtered  particles.  However,  these  par¬ 
ticles  are  only  part  of  the  final  state  of  the  system,  of 
course;  thus,  the  next  stage  in  fully  characterizing  the 
dynamical  processes  involved  in  radiation  effects  is 
perhaps  dependent  more  on  an  enhanced  understanding 
of  the  initial  and  final  states  of  the  insulator  surface 
than  any  other  single  experimental  variable.  For  exam¬ 
ple,  understanding  the  structural  and  compositional 
evolution  of  an  alkali  halide  surface  undergoing  ultra¬ 
violet  photon  bombardment  is  vital  to  resolving  the 
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or  metal-enriched  determines  the  kinds  .a  surface  exci¬ 
tations  or  surface  states  which  max  he  piesent.  as  well 
a'  the  nature  of  the  solid  lattice  or  neuxorh  \xlu"c 
distortion  results  in  the  ejection  ol  a  particle. 

This  knowledge  of  the  composition  and  structure  ol 
the  surface  is  not  easily  obtained  for  insulators,  since 
topical  surface  analytic  tools  -  such  as  low -energy  elec¬ 
tron  diffraction  and  secondary  ion  mass  spectroscopy 
work  well  for  metals  and  even  semiconductors,  but  are 
known  to  cause  radiation  damage  in  dielectrics.  How- 
ever.  studies  of  desorption  dynamics  are  themselves 
hinting  at  wavs  in  which  desorption  provides  spectro¬ 
scopic  clues  about  the  state  of  the  surface.  In  addition,  a 
continuing  focus  on  the  electronic  mechanisms  of  par¬ 
ticle-,  electron-  and  photon-surface  interactions  will 
make  it  possible  to  use  the  specific  clues  available  from 
solid-state  phvsics  about  the  initial  and  final  states  of 
the  surface  and  near-surface  regions  of  dilfering  materi¬ 
als.  As  long  as  one  treats  the  irradiated  material  as  an 
undifferentiated  aggregation  of  particles  characterized 
by  thermal  or  collisional  properties,  it  is  not  possible  to 
use  the  more  differentiated  electronic  characteristics  - 
such  as  band  structure  -  to  help  solve  the  dynamical 
problem  by  selectively  emphasized  certain  reaction 
pathways.  Experiments  emphasizing  the  electronic 
mechanisms  involved  in  desorption  and  other  radiation 
effects  in  insulators  are  thus  both  part  of  the  problem 
and,  very  likely,  a  key  ingredient  in  the  solution. 

It  is  a  pleasure  to  acknowledge  our  debt  to  col¬ 
leagues  who  participated  in  many  of  the  experiments 
reported  here,  including:  Royal  G.  Albridge,  Alan  V. 
Barnes  and  Dwight  P.  Russell  of  Vanderbilt,  and 
Richard  A.  Rosenberg  of  the  Synchrotron  Radiation 
Center  of  the  University  of  Wisconsin.  We  also  thank 
Joel  Tellinghuisen,  of  the  Vanderbilt  University  Depart¬ 
ment  of  Chemistry,  for  sharing  his  spectroscopic  in¬ 
sights  about  the  CN~  vibrational  bands  and  for  a 
thoughtful  reading  of  the  manuscript. 
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Physics  of  Free-Electron-Laser  Applications  in  the 
Visible  and  Infrared 

INTRODUCTION 


It  is  now  eighteen  years  since  John  Madey  published  a  paper 
pointing  out  that  a  high-brightness  relativistic  electron 
beam  traversing  a  spatially  periodic  magnetic  field  could 
stimulate  the  emission  of  photons  over  a  broad  range  of 
wavelengths,  indeed,  from  the  far  infrared  to  the  ultraviolet. 
In  a  way,  the  free-electron  laser  was  the  ultimate  homage 
paid  by  the  laser,  viewed  as  an  optical  device,  to  its  anteced¬ 
ents  in  radar  and  electron-beam  science  and  technology  dat¬ 
ing  back  into  the  1940’s. 

In  the  intervening  years,  successful  infrared  and  visible 
free-electron-laser  (FEL)  experiments,  for  example,  at  Stan¬ 
ford,  Orsay,  Santa  Barbara,  and  Los  Alamos,  have  shown 
significant  promise  for  applications  based  on  the  unique 
optical  characteristics  of  the  FEL.  A  variety  of  accelerators 
can  provide  the  high-brightness  electron  beams  necessary 
for  the  FEL:  room-temperature  pulsed  linear  accelerators, 
superconducting  accelerators,  storage  rings,  and  Van  de 
Graaff  generators  have  all  been  successfully  used  so  far  for 
this  purpose.  The  existence  of  this  variegated  collection  of 
pumps  for  the  stimulated  emission  generated  in  the  FEL 
implies  a  correspondingly  broad  range  of  temporal  pulse 
shapes,  interpulse  spacings,  pulse-repetition  frequencies, 
output  powers,  and  spectral  ranges  for  users. 

With  the  increasing  maturity  of  the  free-electron  laser 
comes  a  new  phase  of  scientific  opportunity  for  those  who 
are  primarily  laser  users  rather  than  laser  physicists.  Dur¬ 
ing  the  past  two  years,  FEL  users’  facilities  at  Stanford 
University  and  the  University  of  California  at  Santa  Barbara 
began  to  provide  significant  quantities  of  time  to  photon 
users,  particularly  in  surface  and  materials  science  and  bio¬ 
medical  studies.  In  the  coming  year,  new  FEL  users’  facili¬ 
ties  devoted  to  biomedical  and  materials  research  as  well  as 
to  FEL  development  will  begin  to  operate  at  Vanderbilt  and 
Duke;  plans  for  additional  facilities  of  this  type  are  already 
far  advanced. 

Free-electron  lasers  now  support  significant  experimental 
activities  in  a  wide  range  of  scientific  and  technological  ap¬ 
plications,  including  biomedical  research.  The  spectrum  of 
wavelengths  now  demonstrated  in  FEL’s  ranges  from  0.25  to 
800  fim,  the  region  that  includes  atomic  and  molecular  tran¬ 
sitions  as  well  as  many  elementary  excitations  in  solids. 
While  at  least  some  parts  of  this  spectral  region  can  be 
covered  by  conventional  lasers,  the  FEL  has  at  least  two 
major  benefits  compared  with  conventional  lasers: 

•  The  variety  of  FEL  accelerator  types  offers  the  poten¬ 
tial  for  decoupling  the  laser  temporal-pulse  structure  and 
power  output  from  the  constraints  of  discharge  or  lasei  - 
pumping  schemes  and 

•  Beyond  a  wavelength  of  approximately  10  pm,  the 
FEL  has  significantly  greater  tunability  and  higher  power 
than  any  currently  available  lasers. 


In  addition,  the  fact  that  the  interpulse  spacing  can  be  set 
much  shorter  than  that  available  from  mode-locked  pulse 
trains  (the  Mark  111  FEL  at  Stanford  and  slated  for  installa¬ 
tion  at  Vanderbilt,  for  example,  has  a  rf  accelerator  frequen¬ 
cy  of  2.865  GHz,  so  that  its  pulses  are  330  psec  apart)  makes 
it  possible  to  carry  out  experiments  in  which  the  laser  pulses 
follow  one  another  on  a  time  scale  comparable  with  many 
relaxation  times  of  physical,  chemical,  and  biological  inter¬ 
est. 

In  this  special  issue  of  Journal  uf  the  Optical  Society  of 
America  B,  we  have  collected  a  round  dozen  papers  describ¬ 
ing  the  physics  of  FEL  applications  in  the  visible  and  infra¬ 
red.  First,  the  companion  papers  on  two-color  FEL  technol¬ 
ogy  and  applications  suggest  new  opportunites  in  funda¬ 
mental  science  that  can  be  attained  with  the  unique 
technology  of  the  free-electron  laser.  In  the  near  infrared, 
additional  condensed-matter  studies  and  surface  science — 
particularly  vibrational  spectroscopy — have  become  possi¬ 
ble  with  existing  free-electron  lasers.  The  gas-loaded  free- 
electron  laser  can  shift  infrared  FEL  output  into  the  visible, 
where  work  done  with  existing  tabletop  lasers  can  suggest 
ways  in  which  the  FEL.  with  its  unique  temporal  pulse 
characteristics,  might  enhance  our  understanding  of  laser- 
induced  processes  both  in  materials  science  and  in  biomedi¬ 
cal  research.  Finally,  the  far-infrared  region  was  pinpointed 
early  on  as  a  place  where  exciting  studies  could  be  carried 
out  in  condensed-matter  physics  and  biological  physics. 
The  papers  submitted  for  this  issue  covering  both  recent 
research  applications  and  new  possibilities  for  direct  excita¬ 
tion  of  far-infrared  vibrational  modes  in  solids  suggest  that 
this  promise  of  the  FEL  is  already  being  realized. 

However,  as  with  any  new  photon  source,  much  of  the 
challenge  in  developing  new  science  will  revolve  around 
"thinking  the  unthinkable.”  or  at  least  thinking  the  hereto¬ 
fore  unthought.  Thus  the  material  ranges  from  reports  of 
experimental  results  to  inform  speculations  on  possible  fu¬ 
ture  directions  in  FEL  applications  based  on  the  unique 
properties  of  the  FEL.  Even  though  the  Journal  of  the 
Optical  Society  of  America  B  is  an  archival  journal  with  a 
retrospective  point  of  view,  we  hope  that  the  speculation  will 
stimulate  as  yet  unthought,  forward-looking  applications  of 
the  FEL  in  the  larger  optical-science  community. 


Richard  F.  Haglund,  Jr. 
Howard  Schlossberg 
Feature  Editor s 
Physics  of  Frce-Electron-Laser  Applications 
in  the  Visible  and  Infrared 
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ABSTRACT 


We  present  recent  measurements  of  excited-atom  and  ion  emission  from  KC1  surfaces  illuminated  by 
vacuum-ultraviolet  synchrotron  radiation  (hv  =  8-28  eV)  and  ultraviolet  laser  light  <hv  =  4  eV).  At  low 
intensities  characteristic  of  the  synchrotron  experiments,  excited  atoms  are  desorbed  by  sinre'e  valence- 
band  excitation  process  involving  the  metallization  of  the  KC1  surface.  At  die  higher  intensities  typical  of 
laser  desorption  and  ablation,  we  observe  a  strong  decrease  in  K*  emission  as  a  function  of  the  number  of 
laser  shots,  but  an  essentially  constant  yield  of  Cl*.  K+  and  CP  emission  at  high  intensities  show  similar 
behavior.  The  energetics  of  these  desorption  phenomena  can  be  treated  in  a  bond-orbital  model  which 
shows  that  creation  of  a  single  valence  hole  is  sufficient  to  excite  an  ion  to  an  anti-bonding  state. 


1.  INTRODUCTION  AND  MOTIVATION 


The  need  to  improve  the  laser  damage  resistance  of  opdeal  materials,  and  the  growing  interest  in  the 
use  of  high-intensity  lasers  for  processing  electronic  and  photonic  devices,  are  the  primary  drivers  for 
fundamental  studies  of  laser-surface  interactions.  Laser-induced  surface1  and  bulk2  damage  in  KC1  have 
been  studied  for  many  years,  perhaps  because  KC1  is  the  simplest  of  all  the  wide-bandgap  ionic  solids 
from  the  standpoint  of  electronic  structure.  We  have  recently  begun  a  systematic  study  of  ultraviolet 
photon-stimulated  desorption  (PSD)  of  excited  atoms  and  ions  from  the  surface  of  KC1,  which  has  led  to 
new  understanding  of  the  mechanisms  of  desorption  following  both  vafence-band^  and  core-level4 
excitation.  These  experiments  also  illustrate  the  specific  sensitivity  of  ion-  and  excited-atom  desorption 
spectroscopy  to  details  of  the  surface  before  and  after  particle  emission. 

In  this  paper,  we  briefly  summarize  the  status  of  these  experiments  and  propose  a  unified  view  for 
the  mechanisms  of  PSD  and  laser-induced  desorption  (LID)  and  ablation  of  excited  atoms  in  KC1,  a  view 
which  probably  applies  generically  to  materials  which  have  self-trapped  excitons  and/or  permanent,  mobile 
electronic  defects,  such  as  SiC>2  and  the  alkaline-earth  halides.  In  the  VUV  experiments,  the  yield  of 
desorbed  excited  atoms  follows  the  excitonic  optical  response  of  these  crystals  at  photon  energies  near  the 
bulk  band  gap.  Secondary  electron  measurements,  taken  simultaneously,  implicate  the  formation  of 
excess  metal  in  PSD  of  excited  alkalis,  and  suggest  some  clues  to  the  time  dependence  of  the  M*  yields. 
At  the  higher  intensities  characteristic  of  LID  and  laser  ablation,  a  common  mechanism  of  desorption  due 
to  valence-hole  creation,  as  well  as  charge  exchange  mediated  by  surface  metallization,  is  at  w'ork. 

The  energetics  governing  desorption  may  be  interpreted  within  the  framework  of  a  detailed 
mechanistic  picture  of  laser-induced  desorption  and  ablation,  based  on  the  bond-orbital  model  of  electronic 
structure.  In  this  model,  ion  motion  is  caused  by  localized  deformation  of  the  lattice  and  bond-breaking 
near  the  site  where  the  photon  is  absorbed.  Neutralization  of  the  moving  ion  into  an  excited  atomic  state, 
on  the  other  hand,  is  a  manifestation  of  the  local  electronic  structure  near  the  desorption  site,  at  least  in  the 
low-intensity  limit.  Both  desorption  and  excitation  may  arise  from  the  same  mechanism.  For  example, 
desorption  following  valence-band  excitation  may  be  described  as  the  decay  of  an  excited  quasi-molecular- 
state  of  the  crystal;  in  KC1,  the  desorption  of  K*  could  be  initiated  by  relaxation  of  an  excited  F-center. 
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is  bases:  on  iwv  distinct  sets  of  measurements:  photon-stimulated  desorption  (PSD)  measurements  using 
ultraviolet  radiation,  and  laser-induced  desorption  (LID)  using  an  excimer  laser,  ITe  photon  source  for  the 
PSD  experiments  was  the  Aladdin  facility  of  the  Synchrotron  Radiation  Center  (SRC)  at  the  University  of 
Wisconsin,  bendiiig-n.ugiici  radiation  from  the  800-MeV  electron  storage  ring  was  dispersed  by  a  Seya- 
Namioka  (SN)  normal-incidence  monochromator  and  focused  onto  a  sample  at  normal  incidence. 
Useable  photon  flux  is  available  in  the  approximate  range  of  8  eV  to  28  eV.  The  light  source  for  the  LID 
measurements  was  an  XeCI  excimer  laser  operating  at  a  wavelength  of  308  nm,  likewise  incident  along  the 
surface  normal. 

Single-crystal  targets  of  KC1,  typically 
measuring  5x12  mm  and  cleaved  from  bulk 
material  prepared  by  Harshaw  were  mounted 
on  a  micromanipulator  in  high  or  ultrahigh 
vacuum  (UHV).  In  the  UHV  measurements, 
the  target  holder  was  equipped  with  a  Varian 
button  heater  capable  of  heating  targets  to 
approximately  450°  C.  The  target  could  be 
rotated  about  a  vertical  axis  perpendicular  to 
the  plane  of  the  incident  photon  beam. 


Two  generic  measurement  schemes  were 
used  in  the  experiments  described  in  this 
paper.  Fluorescence  from  desorbed  excited 
alkali  atoms  was  detected  with  an  0.3  meter 
monochromator  and  a  photomultiplier  (PMT) 
operated  in  pulse  counting  mode  for  the  PSD 
measurements,  and  in  pulse-height  analysis 
mode,  using  a  gated  integrator,  for  the  LED 
measurements.  Amplified  PMT  pulses  which 
exceeded  the  threshold  of  a  discriminator 
were  counted  and  stored  in  an  Apple 
microcomputer.  Secondary  electrons  were 
collected  by  a  biased  stainless-steel  collector 
positioned  close  to  the  target ;  the  current  was 
monitored  by  a  picoammeter  connected  to  an  analog-to-digital  converter  channel  of  a  Hewlett-Packard 
7090A  plotter,  these  data  were  then  likewise  stored  in  the  computer.  All  of  the  PSD  experiments  and  most 
of  the  LED  measurements  were  carried  out  in  an  ultra-high  vacuum  chamber  with  a  base  pressure  generally 
in  the  range  of  ~10~10  Torr. 

In  other  LED  experiments,  the  optical  detection  system  shown  in  Fig.  1  was  replaced  by  a  quadrupole 
mass  spectrometer  which  could  be  operated  to  collect  either  positive  or  negative  ions.  A  mass  scan  was 
performed  to  ascertain  that  the  peak  corresponding  to  a  particular  mass  was  stable  and  well  above 
background.  Then  an  electronic  gate  was  set  to  capture  the  peak  signal  after  each  laser  shot  These  peak 
height  data  were  stored  on-line  in  an  IBM  microcomputer  for  subsequent  retrieval  and  analysis. 

In  the  PSD  experiments,  single  KC1  crystals  were  cleaved  in  air  and  inserted  immediately  into  the 
UHV  chamber,  they  were  typically  under  vacuum  within  an  hour  after  cleaving.  The  UHV  system  was 
then  baked  at  200°C  for  several  hours  following  insertion  of  the  target;  samples  were  then  cleaned  by 
heating  a  few  hours  at  300  to  400°  C.  Numerous  studies,  cited  in  Reference  [4],  have  shown  that  this 
procedure  yields  a  stable  and  reproducible  surface.  For  the  LID  experiments,  the  samples  were  cleaved  in 
air  using  the  same  precautions  (use  of  rubber  gloves,  methanol  cleaning  of  all  cleaving  and  handling  tools) 


Figure  1.  Schematic  diagram  of  apparatus  for 
simultaneous  measurements  of  excited-atom  yield 
and  secondary-electron  current  in  photon-stimulated 
desorption  experiments. 
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3.  PHOTON-STIMULATED  DESORFDON  IN  THE  VACUUM  ULTRAVIOLET 

Ultraviolet  photon-stimulated  desorption  has  been  studied  in  the  alkali  halides  for  many  years.  Only 
recently,  however,  has  it  been  demonstrated  that  PSD  of  excited  atoms  can  be  caused  by  valence-band,  in 
contrast  to  core-level,  excitation.  Because  these  measurements  have  an  important  impact  on  our 
understanding  of  the  mechanisms  of  laser-induced  desorption,  we  summarize  briefly  the  results  of  these 
recent  experiments  on  both  KCl  and  LiF.  Details  may  be  found  in  Reference  [4], 

Figure  2  shows  an  excitation  function  for  desorbed  excited  potassium  under  photon  irradiation  of 
KCl  near  the  surface  exciton  peak  at  9.5  eV.  The  bulk  bandgap  of  KCl  is  8.4  eV.  The  monochromator 
flux  was  too  low  to  search  for  structure  in  the  desorption  curve  at  lower  energies.  Shown  for  comparison 
in  Figure  3  is  the  optical  absorption  spectrum  of  KCl  measured  by  Eby,  Teegarden  and  Dutton.5 
Structure  in  the  excitation  function  for  desorbed  K*  corresponding  to  the  valence  exciton  at  approximately 
9.5  eV  is  evidence  that  desorption  due  to  valence  excitation  in  KCl  is  occurring,  and  that  excited-atom 
desorption  may  be  related  to  identifiable  electronic  excitations  of  the  surface.  — 


Incident  Photon  Energy  (eV) 


Figure  2.  Excitation  function  for  K*  atoms 
desorbed  from  a  KCl  surface  by  VUV  light  with 
valence-band  energies.  From  Reference  [4]. 
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Figure  3.  Optical  absorption  spectrum  from 
KCl  in  the  vacuum  ultraviolet  region.  Figure  is 
from  Reference  [5], 


Studies  of  the  variation  in  excited-atom  and  total  electron  yield,  described  in  detail  in  Reference  [4], 
clearly  implicate  the  formation  of  excess  metal  on  the  surface  in  the  desorption  process.  Those 
experimental  results  are  consistent  with  the  following  picture:  As  a  pristine  spot  on  the  surface  is 
irradiated,  metallization  begins  due  to  two  separate  processes.  One  is  the  loss  of  halogen  because  of  the 
preferential  ejection  of  ions  from  the  halogen  sublattice;  the  other  is  the  creation  of  mobile  defects  (e.g.,  F- 
centers)  in  the  near-surface  bulk  and  their  subsequent  diffusion  to  the  surface,  where  they  neutralize  the 
positive  metal  ions.  The  experimental  evidence  for  this  is  primarily  the  rapid  decrease  in  secondary 
electron  yield  from  the  high  values  which  characterize  the  insulating  surface  as  cleaved  to  the  lower  values 
(an  order  of  magnitude  or  more  for  most  of  the  alkali  halides)  characteristic  of  the  alkali  metal.6 
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metallization  also  affects  the  yield  of  excited  atoms,  because  as  the  metat  ae  .:.o:  -.crates,  ns  work  utitato:: 
changes.  When  the  metallic  patches  are  small,  the  work  function  ol  the  sun  ace  is  ratlter  large,  and  there 
are  no  metallic  electrons  which  can  be  donated  to  fill  the  electronic  state  of  a  desorbing  alkali  ion.  As 
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the  atomic  excited  state,  neutralization  of  tiie  ion  into  that  excited  state  is  probabie.  As  tire  surtace  becomes 
more  strongly  metallized,  the  Fermi  level  of  the  metal  patches  rises  above  the  first  excited  electronic  state, 
and  resonant  charge  exchange  into  the  ground  state  becomes  the  dominant  process.  Thus,  below  the 
temperatures  at  which  the  metal  evaporates,  excited  state  desorption  will  first  increase  and  then  decrease  as 
the  Fermi  level  rises  above  the  first  excited  state  of  potassium. 

4.  I  .ASFR-TNDUCED  DESORPTION  AND  ABLATION  FROM  KC1 

The  description  of  laser-induced  particle  emission  is  as  problematical  as  the  phenomenon  itself  is 
complex.  In  the  following  discussion,  we  shall  refer  to  particle  emission  at  low  laser  intensities  as  laser- 
induced  desorption  (LID);  we  mean  to  imply  by  this  the  absence  of  plasma  and  collective  effects,  and  that 
the  particle  emission  is,  in  this  case,  essentially  a  localized  event  resulting  in  the  removal  of  an  isolated 
atom  or  ion  from  an  (at  least  hypothetically)  identifiable  surface  site.  By  laser  ablation  we  refer  to  the 
high-intensity  limit,  in  which  rapid  damage  to  surface  may  involve  collective  effects  and  the  generation  of  a 
plasma  plume;  in  laser  ablation,  the  characterization  of  the  surface  site  is  probably  not  possible. 

We  have  carried  out  a  series  of  experiments  to  study  the  change  in  the  surface  of  KC1  by  monitoring 
the  yields  of  excited  atoms  and  ions  from  the  surface,  including  K*,  Cl*,  K+  and  Cl\  We  have  studied 
the  change  in  K*  and  Cl*  yields  as  a  function  of  number  of  shots  on  the  sample,  and  as  a  function  of 
intensity.  In  addition,  we  have  carried  out  simple  measurements  of  the  time  dependence  for  the  emission 
of  positive  and  negative  ions  from  the  surface.  These  measurements  are  consistent  with  the  PSD  picture, 
but  show  in  addition  that  laser-induced  desorption  (LID)  proceeds  through  the  same  mechanism 
independent  of  the  condition  of  the  surface.  Hence,  LID  from  perfect  lattice  sites  and  defect  sites  appears 
to  result  from  the  same  kind  of  valence-band  excitation  as  observed  in  PSD,  but  with  slightly  different 
consequences  because  of  the  high  density  of  local  electronic  excitation. 


4.1  Laser-Induced  Desorption  of  Excited  Atoms 

Optical  spectra  taken  during  laser  ablation  experiments  generally  show  a  relatively  broad  fluorescence 
background  on  which  are  superimposed  atomic  emission  lines  from  excited  atoms,  radiating  as  they  move 
away  from  the  surface.  In  contrast  to  PSD  experiments,  we  observe  not  only  the  first  resonance  line  of 
the  metallic  atom,  but  lines  originating  in  other  excited  states  and  the  atomic  emission  lines  of  chlorine 
atoms  and  ions.  Of  particular  interest  is  the  appearance  of  excited-state  emission  whose  parent  states  lie 
very  near  the  ionization  limits  of  the  atoms  in  question;  the  mechanism  for  the  creation  of  these  highly 
excited  states  is  not  clear,  although  multiphoton  excitation  of  ground-state  atoms  in  the  laser-produced 
plasma  is  probably  the  most  likely  possibility.  Properties  of  the  observed  lines  are  shown  in  Table  I.8 

The  calculated  oscillator  strengths  shown  in  Table  I  are  not  always  reflected  in  the  relative  spectral 
yields  of  the  lines  in  question.  This  seems  to  be  particularly  true  for  the  Cl*  states  observed.  We  assume 
that  this  is  indicative  of  highly  nonequilibrium  conditions  which  are  likely  to  prevail  both  in  the  laser- 
produced  plasma  and  at  the  surface.  Also,  the  centroids  of  the  lines  as  shown  in  the  accompanying  figures 
disagree  slightly  with  those  shown  in  the  Table.  Part  of  this  discrepancy,  typically  4  A,  is  the  result  of 
calibration  error  in  the  spectrometer  drive;  the  magnitude  of  the  error  was  checked  using  a  He-Ne  laser  at 
6328  A.  In  addition,  since  the  excited  atoms  are  emitted  with  non-zero  velocity  and  since  the  spectrometer 
line-of-sight  is  not  parallel  to  the  surface  plane,  the  lines  will  be  Doppler  shifted.  This  shift  can,  in 
principle,  be  calculated  from  a  knowledge  of  the  geometry  of  the  desorption  experiment . 
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Figure  4  shows  the  spectrum  of  excited  potassium  atoms  near  the  first  resonance  lines  at  7668  A, 
observed  at  laser  intensities  on  the  order  of  1  GWcmA  Each  point  on  the  spectrum  represents  a  single 
laser  shot;  there  are  two  hundred  points  in  each  spectral  scan  from  7600  to  7800  A.  Thus  some  140  shots 
intervene  between  the  upper  spectrum  and  the  lower.  The  decrease  in  the  K*  yield  with  absorbed  photon 
dose  is  evident  This  phenomenon  is  well  known  from  PSD  studies,  in  which  progressive  ultraviolet 
irradiation  of  the  alkali  halides  results  in  a  steady  decrease  of  the  excited-state  atomic  emission.^  This 
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Figure  4.  Spectrum  of  K*  atoms  desorbed  Figure  5.  Optical  spectrum  of  K*  (405  nm) 

from  KC1  at  an  intensity  of  1  GW-cnr^  on  two  and  Cl*  (411  nm)  atoms  in  the  ablation  plume 

successive  scans,  starting  from  a  pristine  spot  on  from  a  KC1  crystal  surface  at  a  laser  intensity  of 

the  surface.  The  atomic  transition  is  4p  — » 4s.  order  1  GW-cm'2,  as  a  function  of  shot  number. 

behavior  is  consistent  with  a  surface  accumulation  of  excess  metal  leading  to  resonant  ionization  of 
desorbing  K*  atoms,  thus  reducing  the  total  excited-state  signal.  Shown  for  comparison  in  Figure  5  are 
the  relative  yields  of  K*  (from  the  5p  — »  4s  transition)  and  of  Cl*  emission  originating  from  transitions  in 
the  (3p45P  — »  3p44S)  manifold.  The  K*  emission  in  this  state  also  decreases  after  a  few  hundred  shots, 
consistent  with  the  resonant  ionization  picture.  The  Cl*  emission,  on  the  other  hand,  is  virtually  constant 
in  amplitude  as  a  function  of  total  absorbed  dose  ,  indicating  that  the  Cl*  production  is  not  affected  by 
surface  conditions,  such  as  metallization.  Given  the  high  excitation  required  to  produce  the  parent  states  of 
these  emission  lines  (nearly  12  eV,  as  shown  in  Table  I),  we  suggest  that  multiphoton  excitation  of 
ground-state  Cl  in  the  laser-produced  plasma  is  producing  these  signals.  Accurate  measurements  of  the 
Cl*  yields  as  a  function  of  intensity  should  reflect  this  difference  in  origin. 


Haglund  et  al. 


5 


!*'  ri' .  »*N  t * t_'‘ t ' r. * ti t s .  region  <'■  *  t-v  • —  ,*•■•-*  -  t  •  *  -  --  ’’  •  '  •  •.  5 

scanned  ny  ;!m  >;  .vi.ometer,  and  the  optic;1.!  ml:;;.:  at  li.cI;  v. avcieng.i.  from  a  single  lasci  pulse  w;-.> 

counted.  The  excited  K  was  only  observed  when  there  was  a  visible  plasma.  This  could  indicate  that  the 
surface  is  so  rapidly  metallized  that  one  can  only  produce  desorption  following  ablation  of  the  metal. 
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the  persistence  of  the  Cl*  yield  and  the  relatively  rapid  disappearance  of  any  K*signal. 


0  too  200  300  400  500 


Number  of  Shots 


Figure  6.  Spectrum  of  excited  K  atoms 
desorbed  from  KC1  at  an  intensity  of  1  GW -cm"2 
starting  from  a  pristine  spot  on  the  surface. 


Figure  6  shows  the  yield  of  excited  atoms 
desorbed  from  KC1  at  a  laser  wavelength  of  308 
nm  and  an  intensity  of  about  4  GW-cnr2-  as  a 
function  of  the  number  of  laser  shots  on  a 
particular  spot  The  measurements  begin,  in  each 
case,  from  a  previously  undamaged  spot  The 
transitions  identified  in  the  Figure  are  the  7668  A 
line  of  K*j  the  4052  A  line  of  K*,  and  the  41 12  A 
line  of  Cl*.  The  variation  in  the  behavior  of  the 
three  species  of  excited  atoms  is  :  The  K*  yields 
in  both  cases  rise  rapidly  from  the  first  laser  shot, 
peak  near  the  same  value,  and  then  drop  off,  but 
the  K*  (7668 A)  yield  goes  to  its  background 
value  after  about  200  shots,  where  the  K*(4052 
A)  yield  does  not  decrease  to  background  level 
for  some  300  shots.  The  Cl*  yield,  on  the  other 
hand,  is  essentially  unchanged  through  the  entire 
sequence.  This  behavior  is  consistent  with  the 
idea  that  excited  K  atoms  are  created  in  a  different 
process  than  the  excited  Cl  atoms. 


If,  indeed,  resonant  ionization  of  desorbing  excited  metal  atoms  is  the  mechanism,  these  data  are 
consistent  with  the  idea  of  progressive  metallization  of  the  surface  with  dose,  since  the  Fermi  level  of  the 
metal  clusters  would  rise  through  the  4p  — »  4s  transition  energy  before  the  5p  — >  4s,  taking  flux  out  of  the 
former  K*  channel  prior  to  the  latter. 


4.3  Intensit 


;ndence  of  Positive  and  Negative  Ion  Yields 


Yields  of  positive  and  negative  ions  were  measured  as  a  function  of  intensity  using  a  quadrupole 
mass  spectrometer  in  the  geometty  of  Figure  1.  In  general,  at  laser  intensities  below  100  MW-cnr2,  stable 
ion  signals  were  measured  which  showed  that  ion  yield  increased  with  roughly  the  second  power  of 
intensity.  This  is  consistent  with  valence-band  excitation.  However,  above  this  intensity  the  ion  signals 
rapidly  became  unstable,  and  showed  an  initial  high  yield  followed  by  a  rapid  drop  in  intensity.  This 
phenomenon  was  observed  for  both  K+  and  Cl*  ions,  as  shown  in  Figures  7  and  8. 

After  the  ion  yields  dropped  to  their  minimum  values  and  the  visible  plasma  indicating  desorption  of 
excited  atoms  disappeared,  it  was  observed  that  bright  fluorescence  from  color  centers  was  being  excited 
by  the  laser  beam.  No  other  signs  of  damage  to  the  surface  -  cratering  or  etching  -  were  observable  by 
eye.  As  soon  as  the  laser  beam  was  directed  to  a  fresh  spot  on  the  surface,  the  strong  ion  signal  was  once 
again  observed.  This  suggests  that  the  disappearance  of  the  Cl*  signal  and  the  diminution  of  the  K+ 
signals  are  both  tied  to  the  creation  of  defects  in  the  near-surface  region  of  the  bulk.  The  initial  high  yields 
in  both  ion  species  apparently  comes  from  defect  sites,  while  K+  originates,  at  a  low  level,  in  th  perfect 
sites.  The  Cl*  ions,  on  the  other  hand,  are  apparently  only  ablated  from  defect  sites,  and  once  the  surface 
becomes  stoichiometric,  the  negative  ion  signal  disappears  too.  Cl  neutral  atoms,  of  course,  continue  to  be 
produced,  as  shown  above  and  in  the  neutral  Cl  laser-desorption  measurements  of  Reference  [1]. 
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Figure  7.  Intensity  dependence  of  K+ 
desorbed  from  KC1  by  an  excimer  laser  (XeCl)  at 
a  wavelength  of  308  nm.  Intensity  in  the  focal 
spot  was  0.34  GW-cnr2. 
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Figure  8.  Intensity  dependence  of  K+ 
desorbed  from  KC1  by  an  excimer  laser  (XeCl)  at 
a  wavelength  of  308  nm.  Intensity  in  the  focal 
spot  was  about  4  GW-cnr2.  ~ 


4.4  Time  I 


mdence  of  Ion  Yields 


We  have  measured  the  time  dependence  of 
positive  and  negative  ion  yields  from  KC1  by  8000 
placing  a  biased  stainless  steel  probe  in  the  UHV 
chamber  approximately  4  cm  from  the  surface  of  "S' 
the  target  and  at  an  angle  of  45°  to  the  target  6000 
normal.  By  switching  the  polarity  of  the  probe  ^ 
from  +67  V  to  -  67  V,  it  was  possible  to  collect  ^ 
both  the  positive  and  negative  charges.  For  that  ^  4000 
voltage,  the  time  of  flight  for  a  typical  alkali  ion  is  p 
of  order  4  (is  and  that  for  fast  electrons  is  about  16  § 
ns.  Ion  current  was  recorded  on  a  synchronized  ^ 
single-shot  basis  by  a  100  MHz  transient  waveform  2000 
recorder  interfaced  to  a  microcomputer. 

Figure  9  shows  the  transient  signals  of  both 
positive  and  negative  ions  desorbing  from  the 
KC1  crystal  surface.  The  positive  ion  signal  has  Time  ((is) 

an  apparent  decay  time  of  some  25-30  (is,  much 

longer  than  that  measured  for  NaCl,  and  is  Figure  9.  Time  dependence  of  positive  and 

initiated  well  after  the  negative  ion  fast  signal  has  negative  ion  signals  following  desorption  from 

already  begun  to  decay.  The  current  of  negative  KC1  by  an  excimer  laser  (XeCl)  at  a  wavelength 

ions  has  both  a  fast  and  slow  component  The  of  308  nm.  Intensity  in  the  focal  spot  was  of 

slow  component  can  be  strongly  suppressed  by  order  1  GW -cm'2, 

applying  a  magnetic  field,  and  is  thus  assumed  to 
consist  primarily  of  slow  electrons.  The  decay 

time  of  the  fast  negative  ion  signal  is  much  less  than  that  of  the  K+  signal,  indicating  that  the  Cl'  ion  is 
desorbed  by  a  different  mechanism  than  the  positive  ions.  This  is  consistent  with  earlier  results  from 
electron-stimulated  desorption  studies  which  show  that  neutral  halogens  are  ejected  from  the  surface  before 
sodium  atoms,  and  that  the  halogen  is  ejected  in  a  non-thermal  process  on  a  time  scale  much  less  than  100 
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The  dill'erences  in  the  behavior  of  the  positive  and  negative  ions  suggests  tin.;  titeie  are  maini\  tuo 
P'oeesses  involved:  One  is  the  direct  desorption  of  the  positive  and  negative  ions,  producing  both  the  last 
•  V  ;  nd  the  inhial  rise  in  the  eo-  in-.c  y-::  peaks,  'lire  second  process  proceeds  thro  ;eh 

desorption  of  neutral  atoms  followed  by  ionization.  J  iiese  two  processes  are,  schematically: 


KC1  — >  K+  +  Cl'  or  KC1  — »  K  +  Cl  —>  K*  +  e  (slow)  +  Cl  — >  K+(slow)  +  Cl'(slow) 

Since  we  do  not  yet  have  an  accurate  determination  of  how  much  of  the  slow  negative-ion  peak  is  actually 
electrons  and  how  much  is  CT,  we  can  not  yet  rule  out  either  of  the  two  final  states  of  the  neutral-atom 
channel.  Indeed,  there  is  no  reason  to  think  that  the  late  negative-ion  peak  might  not  include  both 
components. 


5.  MECHANISM  OF  PHOTON-STTMIJLATED  DESORPTION  IN  ALKALI  HALIDES 

Any  proposed  mechanism  for  LID  or  laser  ablation  of  excited  atoms  or  ions  must  answer  two 
fundamental  questions:  (1)  How  is  the  absorbed  photon  energy  localized  to  produce  ion  motion?  and  (2) 
What  is  the  origin  of  the  excited  electronic  state  observed  in  the  case  of  excited  atoms  or  ions?  We  propose 
to  discuss  the  first  of  these  questions  by  referring  to  the  bond-orbital  model  -  a  localized  picture  of 
electronic  structure  in  solids  within  the  framework  of  which  bond-breaking  has  a  particularly  intuitive 
formulation.  The  question  of  the  origin  of  the  excited  electronic  state  is  particularly  intriguing,  and  we 
show  one  example  -  applicable  to  KC1  but  not  necessarily  to  alkali  halides  -  of  how  such  a  state  might  be 
created  by  the  decay  of  a  highly  localized  excitonic  state  of  the  solid. 

5.1  Energetics  of  Desorption  Induced  bv  Electron-Hole-Pair  Creation 

It  is  now  generally  accepted  that  laser  induced  desorption  is  related  to  the  generation  of  a  localized 
instability  in  the  unperturbed  crystal  lattice.1 1  Prior  to  the  instant  of  desorption,  the  ion  is  in  a  band  state 
with  quantum  numbers  characteristic  of  the  unperturbed  lattice;  following  desorption,  the  ion  (or  atom)  is  a 
single-particle  state  with  quantum  numbers  characteristic  of  its  internal  configuration,  which  may,  of 
course,  have  been  modified  during  the  desorption  process.  The  transition  to  the  surface  with  a  defect  and 
a  desorbing  atom  is  the  result  of  excitation  from  a  bonding  to  an  anti-bonding  state,  as  described  in  the 
Menzel-Gomer-Redhead  model.  ^  This  model,  by  itself,  contains  no  specific  information  which  would 
permit  the  computation  of  the  details  of  the  bonding  and  anti-bonding  potentials;  these  details  must  be 
supplied  from  a  model  of  the  specific  desorbing  species  and  its  surface  environment13 

The  initial  event  in  this  sequence  is  photon  absorption  and  the  creation  of  electron-hole  pairs,  which 
will  depend  on  both  the  optical  properties  of  the  material  and  the  laser  wavelength.  The  absorbed  photon, 
if  it  creates  an  electron-hole  pair  by  valence-band  excitation,  breaks  or  weakens  a  bond.  If  the  electron  is 
in  the  conduction  band  -  which  would  be  typical  of  valence-band  single-photon  excitation  or  two-photon 
laser  excitation  in  KC1  -  we  are  left  with  an  electron  in  the  conduction  band  and  a  much  less  mobile, 
usually  self-trapped,  hole.  This  electron  can  lose  energy  in  one  of  two  ways:  by  delocalizing  in  a  band 
state,  or  by  self-trapping  through  creation  of  a  localized  [metastable]  lattice  distortion.  In  the  alkali  halides, 
that  metastable  lattice  distortion  is  called  a  self-trapped  exciton.  If  the  decay  of  that  trapped  exciton 
produces  an  atom  on  a  repulsive  potential  energy  surface,  desorption  will  occur. 

Thus  the  energetics  of  the  desorption  process  are  governed  by  the  three  parameters  W  (bandwidth), 
Est  (the  energy  gained  by  self-trapping)  and  EdeS  (the  energy  available  from  "rolling  down"  the  repulsive 
potential  energy  surface  of  the  anti-bonding  state).  Desorption  occurs  if  W  <  E$t  and  if  EdeS  >  Est- 


Haglund  et  al. 


8 


f f<  1  pvi  i-  i  M.i  I  ■  ■  :  '  ■  ■ 

U  ■  v.'*  >iiipuK"  I  I  iC  t  ;  id  ;  v';-  V.  .  i  -S  i  «UKi  i .) )1-  S  m  l;  !  V  i  .  ■  \.  .  .  v  , .  ; .  \  c  I \  s ; : : , ,  •  ! c  v. .. ■  ■  .  ■  ■  .  •  i  .v  1Vi 

initial  cllects  ol  clectron-fiolc  pair  formation  following  tire  bond -orbital  theory  ol  Han im >;..**•  In  spirit,  it 
is  closely  related  to  the  bond-charge  model  of  Phillips.1-  although  the  details  of  tire  parametrization 
diflet.  In  this  model,  the  energy  per  bond  in  the  perfect  crystal  is  computed  from  the  second  and  fourth 
moments  of  die  density  of  states  function  using  linear  combinations  of  atomic  orbitals,  and  is  given  bvi0 


pair 


~  -  n 


m403)  -  m; 


4-M. 


1/2 


,l  -V0  +  ^pio 


where  n  is  the  coordination  number;  M2  and  M4(i3)  are,  respectively,  the  second  and  fourth  moments  of 
the  electronic  density  of  states  (EDOS);  is  the  angle  between  neighboring  bonds;  V0  is  the  repulsive 
screening  potential;  and  Epro  represents  the  energy  required  to  create  the  hybridized  sp3  bonds  for  the 
LCAO  model  of  the  solid.  The  fourth  moment  is  a  function  of  the  bond  angle  ■£>,  and  will,  in  covalent 
solids,  be  influenced  strongly  by  the  dangling  bonds  and  back-bonding  required  by  surface  reconstruction 
in  those  materials.17  In  ionic  materials,  of  course,  we  can  expect  much  less  dependence  on  the  bond 
angle  and  more  on  the  coordination  number.  The  repulsive  screening  potential  can  be  adjusted  to  fit  the 
experimentally  determined  equilibrium  inter-ionic  spacing  and  the  bulk  modulus  of  the  solid 


Figure  10.  Bond-orbital  calculation  of  the 
potential  energy  curves  for  a  surface  (five-fold) 
coordinated  site  in  NaCl  and  for  the  same  site 
with  a  one-hole  excitation  in  a  bond.  The  one- 
hole  potential  curve  goes  slightly  negative  at  large 
radii. 


Figure  11.  Bond-orbital  calculation  of  the 
potential  energy  curves  for  a  surface  (three-fold) 
coordinated  site  in  the  compound  semiconductor 
GaP  and  for  the  same  site  with  one-hole  and  two- 
hole  excitations.  The  one-hole  potential  curve  is 
still  characteristic  of  a  weakly  bound  state. 


We  have  used  this  expression  for  the  energy  per  pair  to  model  bond-breaking  at  a  surface  site  in  an 
ionic  insulator.  Because  of  their  availability,  we  have  used  self-consistent  Hartree-Fock  matrix  elements 
for  NaCl  taken  from  Reference  [18]  to  calculate  the  moments  M2  and  M4;  the  same  behavior  can  be 
expected  from  KC1.  As  an  illustration  of  the  technique,  we  show  in  Figure  10  the  potential  function  that 
results  when  we  begin  with  a  five-fold  (nearest-neighbor  only)  coordinated  surface  atom  and  create  a  hole 
in  a  single  bond.  One  sees  that  the  energy  gained  by  creation  of  a  single  hole  is  already  sufficient  to  put 
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(and  intractable!)  in  the  alkali  halides.  Nevertheless,  one  sees  by  contrast  with  Heme  1  1  that  tiie  bond- 
orbital  model  at  least  shows  a  difference  between  the  alkali  halides  -  in  which  a  single  hole  already  puis  the 
system  on  a  repulsive  energy  surface  -  and  the  compound  semiconductor  GaP  for  which  two  holes  arc- 
required  to  achieve  the  same  end  even  though  the  binding  energies  are  similar. 


Excited  Electronic  State  in  Desorbing  K  Atoms 


The  origin  of  the  electronic  excitation  which  produces  desorbing  excited  atoms  is  a  separate  but  not 
unrelated  question  from  the  problem  of  ion  motion  we  considered  in  Section  5.2.  One  possibility  is  that  an 
excited  F-center  is  the  source  of  the  excited  atom  desorption  following  valence  excitation.  Certainly 
valence  excitation  can  form  F-centers.  It  is  conceivable  that  some  of  them  may  be  excited,  perhaps  from 
scattering  of  secondary  electrons,  fluorescence,  or,  in  the  case  of  laser-induced  desorption,  by  the  high 
local  density  of  electronic  excitation.  The  strong  coupling  of  an  excited  F-center  to  the  lattice  could  both 
initiate  ion  motion  and  simultaneously  provide  the  electron  needed  for  neutralization  of  a  departing  ion. 
Such  a  mechanism  would  explain  the  observed  decrease  of  the  excited  atom  yield  as  a  function  of 
temperature  in  PSD  measurements,  since  the  lifetime  of  the  excited  F-center  would  decrease  with 
increasing  temperature.  Alkali  desorption  (without  reference  to  the  electronic  state  of  the  atom)  has  been 
observed  from  RbBr  containing  F-ccnters  during  irradiation  with  F-band  light.18 
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Figure  12.  Energies  of  the  4p  electronic  state 
in  the  K  atom  and  the  relevant  F-center  energies  in 
KC1.  All  energies  are  given  in  eV. 


A  simple  consideration  of  the  energetics  will 
show  that  an  excited  F-center  in  KC1  has  about  the 
right  energy  to  neutralize  a  potassium  ion  into  the 
first  excited  state  of  the  neutral.  Figure  12  shows 
an  approximate  band  diagram  for  KC1  including  an 
F-center.  Notice  that  the  ground  state  F-center  is 
almost  resonant  with  an  excited  neutral  alkali  atom, 
so  the  excited  state  will  clearly  have  sufficient 
energy  to  do  so.  The  thermal  ionization  energy  of 
the  F-center19  was  used  to  position  the  F-center 
below  the  conduction  band.  The  ionization  limit  of 
the  atom  was  made  coincident  with  the  vacuum 
level  of  KC1.  These  methods  are  approximate, 
since  both  the  lattice  distortion  and  the  surface  of 
itself  will  alter  the  band  structure;  indeed,  the  lattice 
relaxation  -  an  essential  feature  in  the  dynamics  of 
desorption  -  will  almost  certainly  modify  the 
relative  energies  of  the  various  levels  shown  here. 


Localized  vibrational  excitations  of  the  charged  lattice  could  also  produce  electronic  excitation  in  a 
desorbing  ground-state  atom  via  electric  dipole  interactions.  Calculations  by  Bickham  and  Sievers20 
show  that  excitation  of  a  crystal  with  an  anharmonic  lattice  potential  can  lead  to  the  formation  of  localized 
vibrational  modes  of  a  solid.  The  energy  required  is  typically  that  required  for  creation  of  an  excited  F- 
center.  However,  in  the  alkali  halides,  these  modes  are  only  formed  for  the  two-dimensional  lattice  - 
consistent  with  the  idea  that  this  might  be  a  purely  surface  phenomenon.  That,  of  course,  would  fit  the 
case  either  of  PSD  or  laser  desorption/ablation. 
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function  both  of  dose  and.  in  the  case  oi  ions,  as  a  1  unction  oi  time  following  the  arrival  of  the  laser  pulse. 
These  experiments  demonstrate  the  sensitivity  of  the  excited-atom  yields  to  the  conditions  of  the  surface, 
even  at  intensities  characteristic  of  laser  ablation;  moreover,  the  excited  atoms  show  evidence  for  a 
different  dynamical  origin  titan  die  ions,  thus  making  them  interesting  objects  of  study. 

Experimental  results  for  laser-induced  desorption  and  abladon  are  consistent  with  the  low-intensity 
results  of  valence-band-induced  desorption  by  synchrotron  radiation.  However,  at  high  powers,  there  is 
evidence  for  desorption  not  only  from  perfect  lattice  sites  but  from  defects  created  by  the  laser  radiation. 
The  final  states  of  the  desorbing  atoms  and  ions  appear  to  be  strongly  influenced  by  the  metallization  of  the 
surface  -  a  metallization  arising  from  the  preferential  ejection  of  atoms  and  ions  from  the  halogen  sublattice 
of  KC1.  The  defect  sites  which  play  a  prominent  role  in  the  or  shot-number  dependence  of  the  ion  and 
excited  atom  yields  at  high  intensities  are  energetically  more  susceptible  to  desorption  than  perfect  lattice 
sites.  Therefore,  even  though  multiphoton  excitation  may  be  required  initially  to  create  the  lattice  defects, 
desorption  can  occur  even  for  sub-bandgap  photon  energies  characteristic  of  lasers  because  the  electronic 
structure  of  the  defects  places  them  closer  to  the  conduction  band  than  the  bulk  bandgap  energy. 

The  origin  of  the  excited  electronic  state  observed  in  desorbing  atoms  remains_something  of  a 
mystery.  While  it  is  clear  that  the  metallization  of  the  surface  plays  a  role  in  the  initial  creation  of  this  state 
and  in  its  temporal  evolution  with  absorbed  photon  dose,  we  presently  have  no  knowledge  of  the  temporal 
evolution  of  either  the  ground-state  or  the  excited  state  yields  following  irradiation  by  a  laser  pulse. 
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This  conference,  the  first  on  this  topic  to 
be  held  under  the  auspices  of  the  Interna¬ 
tional  Centre  for  Theoretical  Physics, 
brought  together  some  eighty  participants 
primarily  from  the  United  States  and 
Germany.  There  were  participants  from 
other  countries,  including  two  from  the 
Soviet  Union,  at  least  one  from  the  Peo¬ 
ple's  Republic  of  China,  and  some  occa¬ 
sional  visitors  from  developing  countries 
visiting  the  Centre  for  other  workshops. 

Conference  co-chairs  were  Ward  Plum¬ 
mer  (University  of  Pennsylvania),  Hans- 
Joachim  Freund  (Bochum),  and  Peter 
Andresen  (Gottingen).  Vanderbilt  sent 
two  speakers:  me  and  Peter  Nordlander 
(whose  trip  was  supported  in  part  by  the 
National  Science  Foundation.)  The  con¬ 
ferees  included  an  amazingly  good  repre¬ 
sentation  of  major  laser-surface  science 
groups,  certainly  a  tribute  to  the  organiz¬ 
ing  committee.  The  level  of  enthusiasm 
of  the  participants  was  also  high,  as  indi¬ 
cated  by  the  fact  that  over  haif  the  partici¬ 
pants  came  to  the  last  session  on  Saturday 


morning!  A  copy  of  the  program  is  at¬ 
tached,  listing  the  speakers  and  their  titles. 

The  major  scientific  themes  of  the  confer¬ 
ence  included  techniques  for  state-selec¬ 
tive  detection  of  desorbing  atoms  and 
molecules;  laser-induced  (both  resonant 
and  nonresonant)  desorption;  two-photon 
photoemission;  studies  of  gas-surface  in¬ 
teractions  using  various  laser  spectro¬ 
scopies;  laser-induced-  che-mfc-al  and- 
structural  modifications  on  and  of  sur¬ 
faces;  molecular  spectroscopy  at  surfaces; 
nonlinear  and  ultrafast  time-resolved  sur¬ 
face  spectroscopies;  and  theoretical  devel¬ 
opments  in  surface  dynamics  of  atoms 
and  molecules  and  in  surface  spectro¬ 
scopies.  Unusually,  it  seemed  to  me, 
there  was  a  significant  and  interesting  se¬ 
lection  of  non-ultra-high-vacuum  surface 
studies,  including  studies  of  interfaces, 
electrodes,  and  metal  overlayers 

The  following  paragraphs  give  a  random 
sampling  of  highlights  horn  the  thirty  or 
so  sheets  of  notes  I  took  during  the  w'eek. 
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Laser-Induced  Desorption _ 

This  continues  to  be  an  area  drawing 
much  experimental  activity  and  lively  the¬ 
oretical  discussion,  with  the  weight  of  ef¬ 
fort  (at  this  meeting,  anyway)  shifting  ei¬ 
ther  toward  non-thermal  mechanisms  of 
laser-induced  desorption  (LID)  or  toward 
understanding  where  thermal  phenomena 
end  and  nonthermal  begin. 

Everybody's  favorite  object  of  study  -  NO 
on  a  well-characterized  metal  surface  -  has 
shown  unusual  features,  including  a 
nonthermal  desorption  component  at¬ 
tributed  by  Richter,  Cavanaugh  and  King 
(NBS)  to  laser-excited  hot  electrons  inter¬ 
acting  with  the  adsorbed  molecules  prior 
to  desorption  via  a  negative-ion  reso¬ 
nance;  translational  and  rotational  energy 
distributions  which  do  not  represent  the 
same  temperatures,  as  observed  by  Alan 
Bums  (Sandia)  and  many  others;  and 
"fast"  and  "slow"  molecular  distributions 
in  the  NO  molecules  desorbed  from  thin 
NO  films  grown  at  low  temperatures,  as 
well  as  some  evidence  for  exciton-medi- 
ated  desorption  at  high  film  thickness,  as 
measured  by  Steve  Sibener  (Chicago). 
The  studies  of  surface  coverage  effects  on 
the  competition  between  photofragmenta¬ 
tion  and  charge  transfer  in  uv  photolysis 
by  Jim  Cowins  (UC  Santa  Barbara).  All 
of  these  represent,  in  my  mind,  a  contin¬ 
uing  evolution  and  application  of  familiar 
concepts  of  "state-to-state"  chemistry  to 
surfaces. 

More  generally,  as  pointed  out  by  Dietrich 
Menzel  (TU-Munich),  photon-stimulated 
desorption  must  be  treated  with  an  eye 
toward  localization  mechanisms,  and  he 
pressed  for  a  molecular  dissociation  point 
of  view  as  a  way  of  gaining  theoretical 
insight;  certainly  in  the  case  of  insulators 
and  semiconductors  this  seems  to  be  nec¬ 
essary.  However,  in  the  case  of  metals, 
where  dynamical  screening  effects  are 
operating,  some  way  of  taking  into  ac¬ 
count  charge  transfer  on  the  femtosecond 
time  scale  as  well  as  the  slower 
(essentially  vibrational?)  desorption  pro- 


i i;  Siifhia'  s\  it-ncr"  -- 


v  riCcV.N  ir.ore  development,  as  dis- 
cussed  by  Phaedon  Avouns  (IBM). 


Laser-Induced  Surface  Chemistrv/Phvsics 

A  growing  arsenal  of  sophisticated 
diagnostics  -  such  as  two-photon  photoe¬ 
mission,  surface  second-harmonic  gener¬ 
ation,  ultrafast  laser-induced  fluorescence, 
and  sum-frequency  infrared  vibrational 
spectroscopy,  for  example  -  is  making 
possible  studies  of  molecules  on  surfaces 
with  good  spatial  resolution  and  hitherto 
undreamed-of  temporal  resolution.  A 
sampler  from  the  numerous  studies  given 
at  the  Conference  would  include:  hole- 
burning  experiments  in  diffusion,  includ¬ 
ing  the  use  of  a  free-electron  laser  (Steven 
George,  Stanford);  observation  of  ex¬ 
tremely  slow  work-function  "diffusion" 
on  adsorbate-covered  surfaces  where  a 
hole  has  been  burned  with  a  laser  (G. 

Ertl,  Berlin);  evidence  for  an  ultrafast 
(150  fs)  disordering  process  caused  by 
direct  electronic  excitation  preceding  the 
liquification  or  melting  phase  in  Si  (Harry 
Tom,  AT&T  Bell  Labs)  showing  ;  studies 
of  electrode  chemistry  by  using  second 
harmonic  generation  to  probe  stepwise 
deposition  of  submonolayer  quantities  of 
metal  atoms  onto  metal  substrates  (Gerry 
Richmond,  Oregon);  and  observation  of 
layer-by-layer  laser-induced  damage  to  a 
BaF2  surface  undergoing  pulsed  laser  ir¬ 
radiation  -  a  new  view  of  the  classic  (and 
still  unsolved)  problem  of  laser-induced  -,-, 
damage  (Jurgen  Reif,  Berlin,  as  discussed 
by  Arnie  Rosen,  Chalmers,  Sweden). 

Rick  Osgood  (Columbia)  pointed  out  that 
a  critical  unresolved  problem  in  laser-in¬ 
duced  surface  chemistry'  is  light-enhanced 
oxidation,  which  has  a  major  impact  on 
laser  processing  of  materials  for  micro¬ 
electronics.  Indeed,  oxidation  reactions 
came  up  in  several  other  contexts  during 
the  conference.  Another  interesting  di¬ 
mension  in  laser-induced  surface  chem¬ 
istry  came  from  Wilson  Ho  (Cornell)  who 
has  combined  thermal  desoqnion  (TDS) 
and  clectron-energy-loss  (EELS)  spectro- 
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scopies  e  inlormation  on  the  et lee 
of  both  adsorbed  species  and  substrate 
excitation. 

An  unusual  mixture  of  what  would  nor¬ 
mally  be  considered  surface  physics  and 
chemistry  was  presented  by  lan  Harrison 
(Berkeley),  who  described  photoacoustic 
excitation  of  F  centers  at  222  nm,  as  ob¬ 
served  in  experiments  where  the  surface 
characteristics  were  used  to  control  spac¬ 
ing  and  orientation  of  adsorbed  molecules 
for  photofragmentation  studies. 

Laser-Semiconductor  Experiments _ 

Several  papers  dealt  with  electron-hole 
pair  excitation  by  lasers  in  electronic 
materials.  Jeff  Bokor  (AT&T)  gave  a  re¬ 
view  paper  on  two-photon  photoemission 
describing  the  use  of  this  technique  to 
look  at  relaxation  processes  in  Si  and 
GaAs.  Naomi  Halas  (AT&T)  described 
time  resolved  studies  of  surface  recombi¬ 
nation  of  bulk  laser-excited  electrons 
which,  in  combination  with  theoretical 
studies,  have  provided  a  detailed  picture 
of  surface  electron-hole  recombination  in 
silicon. 

Rich  Haight  (IBM)  added  to  this  picture 
by  showing  direct  observations  of  elec¬ 
tronic  intervalley  scattering  between  states 
at  a  semiconductor  surface,  with  time 
resolutions  on  the  order  of  1-2  ps.  Jim 
Long  (NRL)  presented  results  of  laser-in- 
-  ducecLstirface  photovoltage  from  Si(l  1 1) 
surfaces  modified  in  ultrahigh  vacuum,  to 
determine  the  surface  recombination  ve¬ 
locities  and  bulk  carrier  lifetimes.  The 
interesting  combination  of  laser  tech¬ 
niques  applied  in  synchrotron  radiation 
studies  suggests  a  number  of  significant 
studies  which  could  be  carried  out  if 
lasers  were  more  readily  available  at  syn¬ 
chrotron  light  sources. 

A  number  of  papers  also  covered  areas  of 
laser-surface  studies  relevant  to  the  char¬ 
acterization  and  processing  of  semicon¬ 
ductor  materials  and  semiconductor-insu¬ 


lator  interlaces.  Tony  Heinz  :  lliMj  used 
three-wave  mixing  spectroscopy  to  study 
an  apitaxially-grown  Cal'2/Si(l  1  1)  inter¬ 
face;  Wilson  Ho  (mentioned  elsewhere  in 
the  report)  is  studying  a  variety  of  des¬ 
orption  processes  applicable  to  organic 
and  metallorganic  adsorbates  on  GaAs 
and  Si  substrates. 


Laser  Studies  of  Metal-Surface  Physics 

In  many  studies  of  laser-surface  interac¬ 
tions,  it  has  been  assumed  that  the  metal 
acts  as  a  sink  for  the  incident  photon  en¬ 
ergy,  with  the  deposited  energy  leaking  at 
essentially  infinite  speed  into  the  Fermi 
sea  of  delocalized  electrons.  However, 
new  spectroscopic  tools,  including  ultra¬ 
fast  time-resolved  and  surface-sccond- 
harmonic  generation  spectroscopies,  are 
showing  that  the  metal-adsorbate  interac¬ 
tions  are  in  fact  a  good  deal  more  complex 
and  more  interesting. 

There  was  considerable  discussion  of  the 
detailed  dynamics  of  electron-hole 
screening  at  metal  surfaces.  K.  J.  Song 
(Penn)  showed  evidence  from  surface 
second-harmonic  generation  of  Friedel 
oscillations  generated  by  dynamical 
screening  of  the  longitudinal  field  at  the 
surface.  Eli  Burstein  (also  University  of 
Pennsylvania)  discussed  the  contributions 
of  the  third-order,  symmetry-breaking 
properties  of  surface  fields  to  polarization 
of  electron-hole  pairs.  Robert  Schoenlein 
(MIT>-  presented  recent- work  on  mea¬ 
surements  of  two-dimensional  image-state 
lifetimes  at  metal  surfaces;  the  lifetimes 
are  (to  me)  surprisingly  long,  in  the  range 
of  15-35  fs. 


Theoretical  Studies 


The  primary  emphasis  at  the  Conference 
was  clearly  on  experiment  and  experi¬ 
mental  techniques,  but  there  were  several 
intriguing  papers  on  surface  theory. 
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the  various  competing  (and,  to  some  ex¬ 
tent,  complementary)  approaches  to  the 
study  of  energy  transfer  in  solids.  Bill 
Gadzuk  (MBS)  gave  a  brief  survey  of 
possible  applications  of  nonlinear  dy¬ 
namics  (and  chaos)  to  surface  physics. 
Peter  Nordlander  (Vanderbilt)  has  devel¬ 
oped,  along  with  John  Tully  at  AT&T,  an 
application  of  complex  scaling  techniques 
to  studies  of  atomic  lifetimes  near  surfaces 
which  should  make  possible  microscopic 
calculations  that  can  be  checked  by  ex¬ 
periment.  John  Harris  (KFA-Jiilich) 
touched  off  what  may  have  been  one  of 
the  livliest  debates  on  a  theoretical  ques¬ 
tion  with  his  review  of  the  allowed 
molecular  trajectories  on  the  potential  en¬ 
ergy  surface  in  the  desorption  of  H2  and 
D2  from  Cu(100). 

In  addition,  there  were  invited  theoretical 
treatments  of  second  harmonic  generation 
at  metal  surfaces  by  Ansgar  Liebsch 
(KFA  Jiilich)  currently  a  problem  of  great 
experimental  significance;  a  group-theo¬ 
retical  treatment  of  sum-  and  difference- 
frequency  generation  using  spherical  ten¬ 
sor  formalism  by  Bernhard  Dick 
(Gottingen);  and  a  reprise  of  work  on 
surface-enhanced  Raman  scattering  from 
metals  by  Prof.  A.  Otto  (Dusseldorf),  a 
hot  topic  in  former  years  which  has 
cooled  somewhat  in  recent  years  due  to 
lack  of  reproducible  data. 


•FED Appl  icatrom  in  Surface  Sriencer~  . 

Of  special  interest  in  light  of  the  FEL  re¬ 
search  program  at  Vanderbilt  was  the  in¬ 
terest  expressed  by  members  of  this  part 
of  the  surface-science  community  in  the 
possibilities  for  the  use  of  the  free-elec- 
tron  lasers  (FEL).  The  two  major  FEL 
applications  discussed  at  the  meeting  were 
vibrational  spectroscopy  of  adsorbates  in 
the  mid-infrared,  say,  from  10  to  100  mi¬ 
crons,  and  time-resolved  spectroscopy  of 
molecular  and  atomic  hydrogen  in  the 
vacuum  ultraviolet.  Steve  George 
(Stanford)  sparked  much  of  the  disctis- 
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troscopy  studies  at  John  Mudey's  Mark 
III  infrared  FEL.  It  seemed  to  be  agreed 
by  many  of  those  present  --  some  of 
whom  have  on  other  occasions  been  quite 
skeptical  about  the  potential  for  the  FEL  -- 
that  conventional  laser  sources  have  so 
many  limitations  in  these  regions  of  the 
spectrum  that  the  mid-  to  far-infrared  free- 
eiectron  laser  may  well  represent  the  best 
option  for  pushing  back  the  frontier  in  this 
region  of  the  spectrum. 

Since  it  appears  that  the  region  beyond  10 
microns  is  accessible  with  relative  ease  for 
Mark  Ill-type  machines,  it  seems  that  this 
is  an  area  worth  examining  and  exploiting 
in  the  near  future.  This  area  of  science  is 
relevant  not  only  to  surface  physics  and 
chemistry,  but  also  to  the  biomedical 
community,  since  vibrational  spec¬ 
troscopy  at  interfaces  is  a  major  problem 
in  the  biochemistry  and  molecular  biology 
underlying  more  sophisticated  medical 
laser  applications. 

Of  course,  the  presently  available  pulse 
structure  from  the  Mark  III  type  FELs 
would  need  to  be  modified  to  allow'  sin¬ 
gle-pulse  excitations;  however,  such  is¬ 
sues  are  already  being  addressed  in  a 
number  of  ways  --  as  in  the  cavity¬ 
dumping  experiment  under  way  in  John 
Madey's  laboratory  -  and  it  is  likely  that 
the  modification  of  FEL  temporal  pulse 
structure  to  fit  into  standard  pump-probe 
spectroscopic  techniques  will  soon  be  a 
“soTvTcT  pro51cn~ 

Of  course,  the  ultraviolet  FEL  is  another 
question,  involving  either  accelerators 
with  much  higher  energy  than  the  Mark 
III,  electron  storage  rings,  or  the  intro¬ 
duction  of  radically  new-  wiggler  tech¬ 
nologies.  On  the  other  hand,  however, 
the  problem  of  hydrogen  at  surfaces  is  so 
fundamental  that  it  might  be  significant,  if 
partial,  justification  for  a  concerted 
development  effort  on  VUV-XUV  free- 
eicctron  laser  projects. 
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Recent  experiments  by  several  groups  on  electron-  and  photon-stimulated  desorption  (ESD/PSD) 
of  ground-state  and  excited-state  neutral  atoms  from  dielectrics  suggest  that  a  variety  of  competing 
mechanisms  contribute  to  the  observed  desorption  yields.  I  shall  describe  recent  experiments  in 
which  we  have  tried  to  differentiate  primary  processes  (such  as  ion-  and  excited-atom  production  at 
the  surface)  from  secondary  mechanisms  (such  as  ground-state  neutral  production  from  defect 
diffusion  and  excited-state  atom  production  from  secondary  electron  emission)  in  ESD/PSD  studies 
of  alkali  halides.  The  implications  for  future  experimental  directions,  especially  for  the  use  of  time- 
resolved  laser  spectroscopies,  will  also  be  discussed. 
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ABSTRACT 


Recent  synchrotron  light  sources  suggest  that  VUV  and  XUV  free-electron  lasers  could  provide 
new  spectroscopic  tools  for  studying  photon-surface  interactions  and  simultaneously  drive  needed 
developments  in  ultraviolet  optics  technology. 


Applications  of  XUV-VUV  Free  Fleet  run  Lasers  to  Ultraviolet  LSI)  --  K.  I  .  H.t»lund.  Jr. 

Scientific  and  Technological  Applications  of  Free- Electron  Lasers 
in  Ultraviolet  Photon-Stimulated  Desorption  Spectroscope 

R.  F.  Haglund,  Jr. 

Department  of  Physics  and  Astronomy  and 
Free-Electron  Laser  Center  for  Biomedical  and  Materials  Research 
Vanderbilt  University,  Nashville,  TN  37235  USA 

(615)  322-7964 

Discussions  of  photon-surface  interactions  have  traditionally  been  cast  in  terms  of  the 
collective  properties  (e.g.,  the  heat  capacity  or  the  optical  susceptibility)  of  the  irradiated 
material.  However,  the  development  of  lasers  and  synchrotron  light  sources,  coupled  with 
innovative  applications  of  both  mass  and  optical  spectroscopy,  is  making  it  possible  to  study 
photon-surface  interactions  at  an  atomic  scale  by  determining  the  quantum  states  of  atoms  and 
molecules  at  and  near  material  surfaces.  Short-wavelength  ffee-electron  lasers  operating  in  the 
XUV  and  VUV  regions  of  the  spectrum  offer  some  exciting  prospects  for  novel  photon-matter 
interaction  experiments  which  take  advantage  of  the  FEL's  intrinsic  properties  of  narrow 
bandwidth,  high  intensity,  short  temporal  pulse  length  and  coherence.  In  this  review,  we 
examine  some  of  the  ways  in  which  ffee-electron  lasers  in  the  VUV  and  XUV  can  lead  both  to 
new  tools  for  studying  photon-surface  interactions  through  uv-photon-stimulated-desorption 
(PSD)  spectroscopy,  and  to  new  developments  in  optical  technology  which  might  help  solve 
certain  pressing  technological  needs  of  XUV  FELs. 

Much  of  the  interest  in  PSD  spectroscopy  in  the  last  decade  has  been  focussed  on  the 
specific  electronic  mechanisms  through  which  incident  electronic  energy  is  absorbed,  localized 
and  ultimately  transformed  or  dissipated  into  luminescence,  creation  of  electron  hole  pairs,  and, 
in  some  cases,  into  kinetic  energy  of  desorbing  atoms  or  molecules.  The  early  work  of 
Knotek  and  Feibelmann  [1]  showed,  for  example,  that  the  desorption  of  oxygen  ions  from 
titania  surfaces  was  made  possible  by  a  specific  core-level  excitation  which  led  to  the  creation 
of  stable  hole  pairs  on  individual  ions,  with  the  subsequent  Coulomb  deformation  of  the  lattice 
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providing  the  energy  needed  to  expel  the  oxygen  ion.  A  key  element  in  elucidating  that 
particular  mechanism  was  the  identification  of  the  specific  core  levels  which  were  excited  -  an 
identification  made  possible  by  the  availability  of  tunable  synchrotron  light. 

The  energy  of  a  specific  atomic  core  level  is  relatively  easy  to  pinpoint  in  an  excitation 
spectrum,  even  with  the  relatively  coarse  wavelength  tunability  provided  by  a  synchrotron  light 
source.  However,  in  dealing  with  molecular  desorption  processes  of  interest  in  surface 
chemistry  and  catalysis,  where  energy  may  be  shared  among  many  competing  levels,  is  much 
more  difficult.  Synchrotron  sources  do  not  presently  provide  the  intensity  needed  for  many 
important  experiments,  and  the  bandwidth  of  the  synchrotron  light  is  often  too  large  to  resolve 
molecular  levels.  However,  an  XUV  or  even  VUV  free-electron  laser,  with  its  high  intensity 
and  much  narrower  bandwidth,  would  make  it  possible  to  provide  similarly  detailed 
information  about  the  flow  of  energy  in  molecular  desorption.  A  particularly  tantalizing 
example  of  the  possibilities  here  has  been  furnished  by  recent  work  in  our  laboratory  on 
electron-stimulated  desorption  of  OH  from  surfaces  [2].  The  rotational  distribution  of  the 
excited  OH  is  distinctly  non-Maxwellian,  suggesting  an  electronic  rather  than  a  thermal  origin 
for  the  desorption.  However,  the  electron-induced  excitation  is  not  state-specific  enough  to 
allow  the  identification  of  the  entrance-channel  states  of  the  excited  OH  molecules.  The  use  of  a 
tunable  VUV  FEL  would  allow  identification  of  the  precise  entrance  channels  leading  to  the 
formation  of  excited  OH,  and  remove  much  of  the  guesswork  from  attempts  to  ferret  out  the 
desorption  mechanism.  In  addition,  the  spectrum  of  light  emitted  by  excited  OH  should  show 
entrance-channel  polarization  effects  because  of  the  symmetry  imposed  on  the  single  hole  in  the 
OH  electronic  shell  structure  by  the  presence  of  the  surface;  here  again,  the  ultraviolet  FEL 
could  provide  detailed  state  selection  in  the  entrance  channel  which  would  help  to  pinpoint  the 
dynamics  of  the  desorption  process. 

Matrix  isolation  spectroscopy  furnishes  another  intriguing  example  of  the  possibilities  for 
an  ultraviolet  FEL,  this  time  because  of  the  FEL’s  ability  to  generate  tunable,  narrowband 
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radiation  in  a  region  of  the  spectrum  where  synchrotron  sources  are  not  particularly  efficient. 
In  synchrotron  radiation  experiments  on  KC1  crystals,  we  have  identified  a  characteristic  band 
of  vibrational  transitions  of  the  CN"  radical  from  a  metastable  excited  state  in  the  ultraviolet  |3]. 
The  CN‘,  well  known  as  a  pseudo-halide  and  substitutional  impurity  in  bulk  alkali  halide 
studies,  appears  in  this  case  to  be  bound  to  the  surface  as  if  it  were  a  gas  of  non-interacting 
molecules.  In  carrying  out  an  excitation  function  measurement,  we  found  a  sharp  peak  at  7  eV 
and  significant  fine  structure  superimposed  on  a  broader  peak  at  synchrotron  photon  energies 
above  12  eV.  The  7  eV  peak  is  a  barely  resolved  doublet,  and  matches  the  position  of  a 
transition  known  from  molecular  computations.  However,  the  transition  cannot  be  studied  in 
gas  phase,  because  it  is  above  the  autoionization  limit;  it  is  also  impossible  to  see  the  transition 
in  the  bulk,  because  coupling  to  the  crystal  lattice  quenches  the  excitation  before  radiation 
occurs.  Thus  it  is  apparently  possible  to  have  a  kind  of  two-dimensional  matrix  isolation 
spectroscopy  for  many  important  molecules,  in  which  the  binding  to  the  surface  is  just 
sufficient  to  depress  certain  high-lying  excited  states  below  the  conduction  band.  While 
synchrotron  radiation  is  a  relatively  imprecise  probe  for  studying  molecular  transitions  in  the 
matrix-isolated  species,  the  XUV  or  VUV  free-electron  laser,  once  again  because  of  its  narrow 
linewidth  and  tunability,  would  be  an  ideal  tool. 

In  addition  to  these  novel  spectroscopic  applications  of  the  proposed  ultraviolet  free- 
electron  lasers,  photon-stimulated  desorption  spectroscopy  with  XUV-VUV  FELs  could  also 
contribute  directly  to  the  solution  of  a  pressing  problem  in  FEL  optical  technology:  the 
identification  of  the  fundamental  mechanisms  for  damage  to  XUV  and  VUV  optics.  We  have 
argued  elsewhere  [4]  that  laser-surface  interactions  are  generically  related  to  the  process  of 
desorption  induced  by  electronic  transitions  (DIET),  a  phenomenon  triggered  in  exemplary 
fashion  by  both  photons  and  electrons.  At  the  atomic  or  molecular  scale,  an  understanding 
both  of  the  desorption  rates  and  of  the  effects  of  desorption  on  surface  composition  and 
electronic  structure,  would  help  immeasurably  in  identifying  the  underlying  physics  of  the  laser 
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damage  mechanisms.  Recent  work  with  synchrotron  radiation  has  shown,  for  instance,  that 
under  certain  circumstances,  hydrogen  appears  to  inhibit  DIET  of  excited-state  atoms; 
apparently  the  weak  phystsorpnon  ot  hydrogen  is  still  sufficient  to  change  the  electronic 
structure  of  alkali  halide  surfaces  in  a  way  which  prevents  the  formation  of  excited,  energetic 
alkali  atoms.  However,  whether  the  hydrogen  inhibits  desorption  of  ground-state  alkali 
atoms,  which  are  by  far  the  most  numerous  desorption  products  [5],  or  of  the  halogen  atoms, 
remains  to  be  seen.  Free-electron  lasers  operating  in  the  vacuum  or  extreme  ultraviolet  could 
provide  a  new  tool  for  studying  this  phenomenon  because  of  their  ultrashort  pulse  structure  and 
their  ability  to  tune  through  specific  entrance-channel  excitations  leading  to  the  formation  of 
self-trapped  excitons,  permanent  mobile  defects,  and  ultimately  to  desorption.  In  this  case, 
then,  the  FEL  provides  a  state-specific,  impulse  excitation  whose  relaxation  through  many 
different  channels  could  be  followed  in  both  time-  and  spectrally-resolved  fashion.  While  the 
vigorous  efforts  now  going  on  to  develop  damage  resistant  ultraviolet  optics  will  certainly 
bring  significant  improvements  in  performance,  "state-to-state"  measurements  of  this  type  will 
be  required  to  make  significant  breakthroughs  in  fabricating  damage-resistant  uv  optics. 

The  synchrotron  light  source  has  brought  significant  new  scientific  and  technological 
developments  from  a  deeper  understanding  of  photon-surface  interactions.  The  prospect  of 
free-electron  lasers  operating  in  the  VUV  and  XUV  —  with  the  tunability  of  synchrotron 
sources  and  the  additional  advantages  of  high  intensity,  coherence,  and  narrow  bandwidth  — 
are  likewise  certain  to  create  novel  and  exciting  classes  of  photon-surface  studies. 
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Abstract 


We  have  compared  the  paramagnetic  defect  formation  in  two  types  of  pure  fused  silica  glass 
irradiated  with  intense  photon  fluxes  at  5  eV  (KrF  laser)  and  50  eV  (undulator  beam  from  Aladdin 
Synchrotron  Light  Source),  using  electron  paramagnetic  resonance  spectroscopy  with  a  frequency  of 
9.7  GHz  and  sample  temperatures  of  1 10  and  300K.  The  5  eV  photons  produce  approximately 
10'K  paramagnetic  defects  per  photon  and  the  50  eV  photons  produce  approximately  10'5  defects 
per  photon.  The  ratio  of  E’  centers  to  oxygen  related  centers  is  ~I0  times  greater  for  5  eV  photons 
than  for  50  eV  photons  in  type  III  silica. 


Introduction 


Intrinsic  defects  in  silicas  have  drawn  considerable  attention  since  Weeks  initially  identified  and 
characterized  the  E'  center  in  1956. 1  This  attention  results  from  increased  understanding  of  the 
scientific  and  technological  importance  of  defects  in  a  wide  variety  of  materials.  Many  questions 
about  defects  in  SiO,  have  not  been  resolved.  Defects  affect  several  important  applications  of  silicas. 
These  include  optical  fibers,  both  core  and  cladding  regions,  and  VLSI’s  (Very  Large  Scale  Integrated 
Circuits)  in  which  Si02  functions  as  an  insulator  or  passivating  layer. 

Many  interesting  phenomena  have  been  ciscovered  with  improvements  of  brightness,  pulse 
duration  and  the  wavelength-tunability  of  light  sources.  Stathis  and  Kastner2  reported  that  different 
defects  are  created  in  silicas  by  5.0,  6.4,  and  7.9  eV  photons  from  excimer  lasers  whose  energies  are 
all  smaller  than  the  bandgap  energy  of  silica,  which  is  almost  10  eV.3*4  They  found  that  5.0  eV 
photons  are  the  most  efficient  in  producing  E’  centers.3  They  also  observed  that  7.9  eV  photons 
introduced  different  defects  in  dry.  and  wet  silicas. 

The  purpose  of  this  work  was  to  determine  the  relative  and  absolute  efficiency  of  5  and  50  eV 
photons  in  producing  intrinsic  defects  in  silicas.  Five  eV  photons  were  produced  by  a  KrF  excimer 
laser  and  the  50  eV  photons  were  produced  by  the  undulator  beamline  of  Synchrotron  Radiation 
Center  at  Madison,  Wisconsin. 


Experimental  Procedure 


The  silica  samples  consisted  of  Type  III  and  IV5  high-purity  synthetic  silicas,  specifically  Suprasil 
W I  (dry),  which  contains  about  5  ppm  OH  by  weight,  and  Suprasil  1  (wet),  which  contains  1200  ppm 
OH.  Total  metallic  impurities  were  of  the  order  of  1  ppm. 

Samples  were  cut  from  a  30  mm  diameter  and  1  mm  thick  disk  to  the  dimensions  5  mm  x  18  mm 
x  1  mm.  The  samples  were  cleaned,  mounted  on  a  sample  holder  attached  to  a  manipulator,  and 
inserted  into  an  UHV  (Ultra  High  Vacuum)  chamber  for  the  50  eV  irradiations.  Several  samples  were 
mounted  on  the  same  holder.  The  same  optical  geometry  for  each  sample  was  achieved  by  changing 
the  height  of  the  sample  holder  inside  the  UHV  chamber.  The  experimental  setup  is  shown  in  Fig. 
1.  The  vacuum  was  kept  at  10’9  torr  during  the  50  eV  exposure  at  room  temperature.  For  the  5  eV 
exposure,  50  mJ/cm2  unfocused  KrF  excimer  laser  beam  was  used  to  expose  the  sample  in  air  at  room 
temperature.  The  total  number  of  shots  was  1010. 

The  types  and  concentrations  of  paramagnetic  defects  produced  by  5  and  50  eV  light  were 
measured  by  electron  paramagnetic  resonance  spectroscopy  (Brucker  ESR  200  at  9.7  GHZ).  The  E’ 
centers  (singly  charged  oxygen  vacancies)  and  oxygen-related  centers  were  monitored  at  room 
temperature  and  I  10K,  respectively.  The  number  of  defects  in  silica  was  determined  by  comparison 
with  a  standard  sample  (a  Brucker  strong  pitch  secondary  standard)  whose  paramagnetic  state 
concentration  was  known.  The  error  in  the  relative  numbers  of  paramagnetic  defects  was  ±  10%. 
The  absolute  numbers  of  paramagnetic  centers  has  an  error  estimated  at  ±  100%. 

The  flux  of  5  eV  photons  incident  on  a  sample  was  determined  through  calculations  based  on 
measurements  of  power  density  and  total  number  of  pulses.  The  total  number  of  50  eV  photons  was 
also  calculated  from  the  exposure  time  and  the  photon  flux.  The  photon  flux  was  calculated  from 
measurements  of  current  produced  in  a  calibrated  gold  diode  and  the  photoelectric  yield  on  gold.6 
The  flux  of  50  eV  photon  was  (1.1  ±  0.1)  x  1018  photons  per  imm  diameter  spot  per  minute. 

The  irradiated  volume  was  calculated  from  the  I/e  penetration  depth  of  50  eV  photons  in  silica 
and  the  beam  diameter.  The  1  /e  penetration  depth  was  assumed  to  be  3.2  pm7  and  the  beam  diameter 
was  I  mm.  Seven  to  fourteen  spots  were  irradiated  on  each  sample.  We  estimate  the  uncertainty  of 
the  diameter  of  the  beam  size  as  ±  30%  when  the  distribution  of  photons  across  the  beam  is  taken  into 
account.  The  photon  energy  is  lower  than  the  bandgap  energy  in  the  case  of  the  5  eV  photons;  hence, 
the  irradiation  volume  is  the  entire  sample. 


Results 


Paramagnetic  resonance  spectra  of  E’  centers  and  oxygen  related  (OR)  centers,  including  peroxy 
radicals8  and  non-bridging  oxygen  hole  centers9  were  detected  in  both  5  and  50  eV  irradiated  silicas. 
The  concentrations  of  defects  of  each  type  in  each  sample  were  calculated  from  measurements  of  the 
number  of  defects  and  the  irradiated  volume.  The  defect  formation  rate  per  photon  was  obtained 
by  dividing  the  total  number  of  defects  by  the  total  number  of  photons. 

The  concentrations  of  defects,  the  defect  formation  per  photon,  the  ratio  of  E’  center  to  OR 
centers,  and  the  total  number  of  photons  used  in  exposure  are  alt  listed  in  Table  I  and  II. 

The  50  eV  light  created  about  1015  E’  centers  per  cm3  and  about  IQ13  OR  centers  per  cm3  in  both 
dry  and  wet  silicas.  The  formation  rate  of  E’  and  OR  centers  are  10'4  and  10'5  per  photon 
respectively.  The  ratio  of  E'  center  to  OR  center  is  three  times  higher  in  wet  silica  than  dry  silica. 

» 

The  5  eV  photons  introduced  about  1016  E’  centers  in  both  samples.  These  photons  induced 
approximately  30  times  higher  concentration  of  OR  centers  in  dry  silica  (6.0  x  10K)  than  in  wet  silica 
(1.7  x  IO13).  The  formation  rate  of  E'  center  is  about  IO*12  per  photon  in  both  silicas,  and 
6  x  10'13  and  1.6  x  10’15  OR  center  per  photon  in  Suprasil  W1  and  Suprasil  1,  respectively.  The 
E’/OR  Center  ratio  is  50  times  higher  in  wet  silica  than  dry  silica  and  has  the  same  trend  as  in  50  eV 
irradiated  silicas. 


Discussion 

A  flux  of  10  50  eV  photons  create  the  same  order  of  magnitude  of  E’  and  OR  centers  as  iO 

5  eV  photons.  The  absorption  coefficient  for  the  5  eV  photons  in  silica  is  about 
7xl0'3  cm*1,10  while  all  the  50  eV  light  is  absorbed.  Taking  this  difference  in  absorptivity  into 
account,  the  50  eV  light  produces  -10s  to  106  more  defects  than  the  5  eV  light. 

Three  possible  reasons  may  explain  this  difference  in  defect  formation  per  photon  between  the 
5  and  50  eV  photons.  First,  E’  center  formation  by  5  eV  photons  may  be  due  to  a  two  photon 
process.11  If  this  is  the  case,  the  low  absorptivity  for  a  two  photon  process,  which  is  2  x  10'3  cm' 
*12  would  result  in  an  absorptivity  of  ~I0'S  cm.’1  Thus,  the  ratio  absorptivities  for  5  eV  and  50  eV 
photons  is  approximately  10.' 10  The  ratio  of  paramagnetic  states  produced  by  5  eV  to  50  eV  photons 
is  ~I0‘12.  Thus,  the  50  eV  photons  produced  -100  times  more  paramagnetic  defects  than  did  the  5 
eV  photons.  Second,  Arai  et  al.  1  suggested  that  the  E’  center  induced  bv  5  and  6.4  eV  light  is 
through  hole  capture  at  precursor  sites.  At  a  flux  of  !021  6.4  eV  photons  cm’2  the  onset  of  saturation 
of  E’  centers  was  observed.  This  saturation  effect  may  also  occur  for  IO26  5  eV  photons  cm'2.  In 
addition,  the  50  eV  photons  may  produce  new  E’  and  OR  centers  by  Si--0  bond  breaking.  The 
threshold  energy  for  Si--0  bond  breaking  is  about  8.5  eV;13  hence,  in  case  of  50  eV  photons  we 
assume  that  their  energy  is  sufficient  to  break  Si--0  bonds.  Bond  breaking  process  may  well  explain 
why  50  eV  light  produces  2  or  3  orders  more  defects  in  silica  than  5  eV  light. 
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Table  1  Silicas  Irradiated  by  50  eV  Light  from  Synchrotron 


Silicas 

E'(cm'3) 

ORC(cm"3) 

E'/Photon 

ORC/Photon 

E’/ORC 

Sup  Wi 

I.ixiO15 

6.4xJ013 

3.0xl0'4 

I.8xi0'5 

17 

Sup  1 

3.3xl015 

6.7xl013  • 

4.5xl0"4 

0.9xl0"5 

49 

Error 

(±40%) 

(±40%) 

(±50%) 

(±50%) 

(±20%) 

5.3x1 017  photons  per  5  mins  per  1  mm  dia.  beam  size 
The  penetration  depth  for  50  eV  photon  in  silica  is  3.2  n m 


Table  II  5  eV  (248  nm)  KrF  Excimer  Laser  Irradiated  Silicas 


Silicas 

E’(cm"3) 

ORC(cm"3) 

E’/Photon 

ORC/Photon 

E’/ORC 

Sup  Wl 

6.8xl015 

6.0xl014 

6.0xI0"13 

6.0xl0"14 

10 

Sup  1 

8.5xl015 

1.7xl013 

8.0xl0"13 

1 .6x  1  O' 15 

500 

Error 

(±40%) 

(±40%) 

(±50%) 

(±50%) 

(±20%) 

50mJ  per  cm2  per  shot,  total  shots  1010,  total  photons  on  .5  x  .5  x  .3  cm3  =  7.8xl026 

The  absorption  coefficient  of  5  eV  photon  in  silica  is  about  7.0  x  !0’3  cm"1 

Oxygen  Related  Centers  (ORC)  include  Peroxy  Radicals  (POR)  and  Non-Bridging  Oxygen 
Centers  (NBOHC) 


Total 

Photons 

3.7xl018 

7.4xl018 

(±10%) 


Total 

Photons 

7.8x1 026 
7.8xl026 
(±10%) 


Hole 
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band  in  the  range  10-  150  cm  .  A  nonlinear  least-squares  algorithm  optimally  tits  the  spectra  from  all 
samples  with  three  low-frequency  modes  in  the  range  25-100  em  1  and  a  fourth  mode  near  200  cm 
A  mode  near  25  cm  1  is  sequence  independent,  but  does  shift  to  marginally  higher  frequency  in  RNA. 
The  mode  frequencies  and  oscillator  strengths  of  two  modes  in  the  range  55-  100  cm  '  exhibit  sequence 
dependence. 
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INTRODUCTION 

Vibrational  modes  of  nucleic  acids  with  frequencies 
less  than  about  300  cm-1  are  characterized  by  in-phase 
motion  extending  over  many  nucleotides.  These  phonons 
are  commonly  referred  to  as  long-wavelength  or  low- 
frequency  modes  of  nucleic  acids.  Recent  infrared  [1], 
Raman  [2-4],  and  neutron-scattering  [5]  experiments 
have  provided  complementary  data  contributing  to  an 
improved  understanding  [6,7]  of  the  long-wavelength  dy¬ 
namics  of  nucleic  acids.  It  has  been  proposed  that  these 
modes  mediate  structural  or  conformational  variability 
[8-10]  in  nucleic  acids  and  play  a  role  in  the  dynamics  of 
nucleic-acid-protein  interactions  [11].  In  addition,  nu¬ 
cleic  acids  serve  as  a  useful  system  for  investigating  poly¬ 
mer  dynamics  in  general. 

A  number  of  theoretical  models  [1,9,12,13]  have  given 
a  general  accounting  of  the  low-frequency  experimental 
results.  Detailed  dynamical  models  predict  a  large  num¬ 
ber  of  spectral  features  which,  to  some  extent,  scale  with 
the  model  parameters.  In  some  cases  it  is  not  obvious 
how  to  correlate  the  relatively  large  number  of  predicted 
eigenfrequencies  with  the  limited  number  of  spectral 
features.  While  substantial  progress  has  been  made,  our 
understanding  of  the  low-frequency  dynamics  of  nucleic 
acids  remains  incomplete.  Additional  experimental  re¬ 
sults  are  necessary  to  fix  model  parameters  and  to  allow 
for  a  more  complete  assignment  of  modes  with  improved 
eigenvector  information. 

Nucleic  acids  assume  a  series  of  conformations  depend¬ 
ing  on  base  sequence  and  the  local  environment  [10].  The 
effect  of  base  sequence  and  local  environment  on  the  low- 
frequency  dynamics  has  been  the  subject  of  a  number  of 
recent  and  ongoing  experimental  efforts.  For  example, 
Powell  et  al.  have  measured  the  infrared  activity  of  a 
number  of  vacuum-dried  polynucleotides  as  a  function  of 
counterions,  crystallinity,  and  temperature,  demonstrat¬ 
ing  four  particularly  sharp  bands  near  63,  83,  100,  and 
110  cm'  in  vacuum-dried  films  of  poly(dALpolyfdT)  at 
cryogenic  temperatures  [1].  These  features  were  modeled 
as  intrahelical  modes.  It  should  be  pointed  out  that 
dehydrated  fibers  and  films  of  nucleic  acids  yield  poor  x- 
ray-diffraction  patterns  and  therefore  have  come  to  be 
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viewed  as  having  a  “disordered"  conformation  [10].  Liu 
et  al.  have  made  low-frequency  measurements  of  films  of 
po!y(dA)-poly(dT)  prepared  with  the  same  protocol, 
demonstrating  a  pronounced  Raman  spectrum  with 
bands  near  60,  75-100,  and  125-140  cm  '1  [3].  They  pro¬ 
pose  that  in  dried  fibers  and  films  the  low-frequency 
modes  are  subject  to  inhomogeneous  broadening.  Tho¬ 
mas  et  al.  have  recently  measured  the  low-frequency  Ra¬ 
man  spectra  of  films  of  calf  thymus  DNA  and  fibers  of 
poly(rI)-poIy(rC)  as  a  function  of  water  content  and  coun¬ 
terion  species  and  in  crystallites  of  two  oligomers  [4]. 
They  propose  that  a  minimum  of  five  low-frequency 
modes  are  required  where  a  mode  in  the  range  12-31 
cm-1  is  interhelical  in  character  and  modes  in  the  ranges 
34—45,  68-77,  92-105,  and  113-117  cm'1  are  “mostly 
internal.”  Wet  DNA  films  have  been  investigated  as  a 
function  of  temperature  by  Tominaga  et  al.  monitoring 
the  Raman  activity  of  a  mode  near  30  cm-1  [2],  and  by 
Tao,  Lindsay,  and  Rupprecht  using  Brillouin  scattering 
[14].  Both  groups  account  for  their  data  in  terms  of  a 
coupled-mode  model  of  the  low-frequency  vibrational 
modes  and  relaxational  modes  of  the  surrounding  solvent. 
Thomas  and  Lindsay  have  investigated  the  low-frequency 
dynamics  of  concentrated  solutions  of  a  number  of  po¬ 
lynucleotides  with  controlled  sequence,  conformation, 
and  strand  number  [15].  They  do  not  observe  a  mode 
near  25  cm-1  and  in  this  investigation  jB-DNA  exhibits 
modes  near  32,  63,  and  95  cm'1  and  A  -DNA  and  RNA 
exhibit  modes  near  31,  70,  and  1 17  cm'1. 

An  important  characteristic  of  the  experimental  evi¬ 
dence  summarized  in  the  above  paragraph  is  that  mea¬ 
surements  of  minimal-salt  dehydrated  fibers  and  films 
yield  some  of  the  highest-resolution  spectra  of  low- 
frequency  modes  of  nucleic  acids.  This  is  at  least  in  part 
due  to  experimental  complications  associated  with  water, 
sample  crystallinity,  and  the  distribution  of  salts  in  the 
fibers  or  films.  Recognizing  this,  we  have  undertaken  an 
investigation  of  the  effect  of  base  sequence  on  the  low- 
frequency  modes  of  nucleic  acids  cast  in  dehydrated 
films.  In  this  paper  we  report  on  room-temperature  mea¬ 
surements  of  the  Raman  activity  of  dehydrated,  oriented 
fibers  of  random-sequenced  Na-DNA  and  Li-DNA, 
random-sequenced  Na-RNA,  and  the  sodium 
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dC)-poly(dG-dC),  and  poly(rA)-poly(rU),  where  the  sugar 

DNA  i'i  nboM.-  ;  !i'i  R  \  A  and  the  ha'-O'-  ale  adenine 
i A1,  thymine  iTt.  guanine  (C i  >.  cytosine  (<_'>,  uracil  'I'i,  or 
inosine  (1). 

MILHOUS 

Oriented  fibers  of  nucleic  acids  were  pulled,  films  were 
cast,  and  ions  were  exchanged  in  our  laboratory  as  de¬ 
scribed  previously  [1]:  excess  salt  was  removed  after  the 
film  was  cast  or  the  fiber  was  pulled  by  bathing  in 
ethanol-water  solutions  for  approximately  10  h.  All  of 
the  nucleic  acids  were  purchased  from  Sigma  Chemical 
Company.  The  sodium  salt  of  random-sequenced  DNA 
was  isolated  from  calf  thymus  and  purified  by  the  vendor. 
Further  purification  in  our  laboratory  did  not  affect  the 
spectroscopic  results.  The  sodium  salt  of  random- 
sequenced  DNA  was  studied  both  as  fibers  and  as 
films.  The  sodium  salts  of  polyldA)-poIy(dT),  polyldA- 
dT)-poly(dA-dT),  polytdG-dC)-poly(dG-dC),  and 
poly(rA)-poly(rU)  were  pulled  into  fibers  without  further 
purification.  The  sodium  salt  of  random-sequenced  RNA 
was  isolated  from  E.  coli  and  purified  in  our  laboratory. 
The  samples  were  generally  stored  in  a  0%-humidity  en¬ 
vironment.  During  measurements  the  fibers  and  films 
were  exposed  to  ambient  conditions,  typically  40%  humi¬ 
dity  and  70  °F.  The  water  content  of  the  fibers  and  films 
was  not  directly  monitored. 

Raman  spectra  were  taken  with  a  Jobin-Yvon  U-1000 
double  monochrometer  in  a  photon-counting  configura¬ 
tion.  The  exciting  line  was  either  the  488-  or  514-nm  line 
of  a  Spectra  Physics  Model  2016  4-W  argon-ion  laser, 
and  the  power  at  the  sample  was  less  than  approximately 
40  mW.  The  scattering  geometry  was  90°. 

The  unresolved  bands  of  the  Raman  spectra  were  ana¬ 
lyzed  using  a  nonlinear  least-squares  routine  based  on  the 
Levenberg-Marquardt  method  [16].  We  have  modified  a 
commercial  code  u  ab  calc.  Galactic  Industries)  to  ac¬ 
count  for  a  shuttered  Rayleigh  line;  we  are  unaware  of  an 
equivalent  code  and  therefore  describe  the  fitting  routine 
in  greater  detail  in  the  Appendix.  The  data  reduction 
was  carried  out  on  a  33-MHz,  Intel  80386-based  personal 
computer. 

RESULTS 

Low-frequency  Raman  spectra  are  presented  in  Fig.  1. 
There  are  eight  frames  corresponding  to  the  eight  nucleic 
acids  investigated.  In  each  frame  raw  spectra  are 
presented  with  the  exception  that  residual  plasma  lines 
have  been  removed  in  some  spectra.  The  asymmetry  of 
the  spectra  is  to  be  expected,  as  can  be  seen  from  the 
equation 

Us  _  vp  +  v  4  g-»v/*r 

h  vo~v  \-e~hv/kT  ’ 

where  /s  and  /AS  are  the  intensities  of  the  Stokes  and 
anti-Stokes  lines,  respectively,  v0  is  the  frequency  of  the 


least-squares  fitting  routine  (see  Appendix)  are  also 

.'i  \  ,*Ii  i  !  1  !c.:'  ■  i;::e.:l  1 :'!■  'illii!  lepiV'-  1,1  !  I!  ;* 

lluorcsccnvc  and  ill'll  u. Denial  i  espouse,  and  an  e\en 
number  of  spectral  modes:  llie  sum  of  these  curves  is  the 

sn;e. "lii  emu-  dr.oxr.  ihr.mgli  liie  daia.  The  lining  rou¬ 
tine  treats  each  mode  independently,  i.e..  ihe  parameters 
of  the  Stokes  and  anti-Stokes  modes  are  not  restricted  in 
any  way  during  the  convergence  of  the  fitting  algorithm. 
It  became  clear  during  the  analysis  that  the  data  certainly 
did  not  warrant  consideration  of  more  than  six  pairs  of 
modes.  The  best  fit  for  each  spectrum,  as  determined  by 
comparing  the  minimized  y:  value  for  each  trial  solution, 
uniformly  corresponds  to  a  four-phonon-mode  model. 
For  clarity  of  presentation,  the  central  feature  and  the 
linear  background  have  been  suppressed  in  Fig.  1. 

Multiple  spectra  of  samples  were  taken;  the  fits  for 
different  spectra  of  the  same  nucleic  acid  with  the  same 
salting  yield  equivalent  parameter  sets.  Table  I  presents 
the  fitting  parameters  for  the  spectra  presented  in  Fig.  1. 
For  each  sample  the  oscillator  strengths  are  relative  to 
the  dominant  mode  in  the  spectrum.  Four  modes  are  evi¬ 
dent  for  all  eight  samples;  one  broad  mode  near  200  cm  " 1 
and  three  modes  with  the  eigenfrequencies  less  than  100 
cm"1.  Our  consideration  of  the  mode  near  200  cm-1, 
however,  will  be  limited,  since  a  significant  portion  of  this 
feature  lies  outside  of  the  experimental  frequency  range. 

Table  II  presents  the  average  eigenfrequencies,  relative 
oscillator  strengths,  and  relative  polarizability  derivatives 
for  the  three  lowest-lying  modes,  where  the  polarizability 
derivative  idaIJ/dQ,  )0  is  related  to  the  intensity  by  the 
expression 

da,;  2 
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where  gv  is  the  degeneracy  factor.  Figure  2  presents  bar 
graphs  of  both  the  relative  oscillator  strengths  and  the 
relative  polarizability  derivatives  for  the  three  lowest- 
lying  modes. 


DISCUSSION 

The  analysis  described  above  indicates  that  three 
modes  lying  at  frequencies  less  than  100  cm"1,  and  one 
additional  mode  near  200  cm"1,  are  required  to  account 
for  the  experimental  data  presented  in  Fig.  1.  Averaging 
over  the  eight  spectra,  the  modes  lie  near  25,  50,  and  85 
cm-1.  Although  the  fitting  of  the  central  feature  is  ap¬ 
proximate,  the  analysis  does  not  indicate  the  need  for 
Raman-active  modes  at  frequencies  less  than  25  cm"1. 
This  may,  however,  be  attributable  to  limitations  of  the 
experimental  apparatus. 

Naturally  it  is  possible  that  additional  modes  may  con¬ 
tribute  to  the  unresolved  band.  Indeed,  a  previous  fitting 
of  complementary  data  has  attributed  additional  modes 
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FIG.  1.  Low-frequency  Raman  spectra  for  eight  nucleic  acids.  The  frequency  axes  have  the  units  of  wave  numbers  (cm  - 1 ).  Each 
spectrum  has  been  fit  (see  text)  with  nine  modes  corresponding  to  a  central  feature  and  four  Stokes-anti-Stokes  pairs  of  phonon 
modes.  A  linear  background  was  included  to  approximate  fluorescence  and  instrumental  response.  The  sum  of  the  nine  modes  and 
linear  background  is  the  smooth  curve  drawn  through  the  data.  For  clarity  of  presentation  the  central  feature  and  the  linear  back¬ 
ground  have  been  suppressed,  the  latter  being  evident  from  the  presentation  of  the  phonon  modes.  Plasma  lines  have  been  removed 
from  some  spectra,  but  otherwise  the  figure  presents  raw  data. 
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0.43 
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57.2 
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0.73 
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0.93 
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0.63 
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0.73 
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0.49 
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0.24 
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20.9 
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0.53 
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81.2 

0.41 
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0.40 
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0.94 
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373.6 

TABLE  II.  Average  eigenfrequencies. 

relative  oscillator  strength 

is,  and  relative  polarizability  deriva- 

tives  for  the  three  lowest-lying  modes. 
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Na-DNA 

27 

0.33 

0.29 

54 

1 

1 

88 

0.27 

0.82 

Li-DNA 

32 

0.62 

0.39 

61 

1 

0.95 

97 

0.47 

1 

Na-RNA 

29 

0.22 

0.25 

43 

1 

0.78 

84 

0.46 

1 

Na-poly(rA)poly(rU) 

28 

0.21 

0.29 

47 

1 

0.81 

73 

0.77 

1 

Na-poly(dG)-poly(dC) 

25 

0.57 

0.21 

57 

1 

0.61 

99 

0.96 

1 

Na-poly(dG-dC)-poly(dG-dC) 

25 

0.45 

0.27 

54 

1 

0.83 

95 

0.50 

I 

Na-poly(dA-dT)-poly(dA-dT) 

27 

0.58 

0.29 

50 

1 

0.71 

84 

0.74 

I 

Na-poly(dA)-poly(dT) 

25 

0.57 

0.19 

47 
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0.74 

73 

0.77 
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RG.  2.  Relative  oscillator  strengths  (left  column)  and  relative  polarizability  derivatives  (right  column)  for  the  eight  nucleic  acids 
as  listed  in  Table  II.  The  frequency  axes  have  the  units  of  wave  numbers. 
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t'n  base  sequence  and  conditioue 

It  has  become  common  practice  to  refer  to  a  spectral 
feature  observed  near  25  cm  in  Raman  spectra  of  nu¬ 
cleic  acids  as  the  "25-cr.  mode.'’  Depending  on  the  se¬ 
quence  and  salting  conditions,  a  mode  in  the  25-  ,'2-cni 
range  is  evident  in  the  spectra  shown  in  Fig.  1.  As  dis¬ 
cussed  in  the  Appendix,  the  fitting  parameters  listed  in 
Tables  I  and  II  are  at  best  a  statistical  estimate.  It  should 
be  pointed  out,  however,  that  the  parameters  for  the  25- 
cm’1  mode  are  the  most  reliable  of  the  parameter  sets 
and  are  generally  repeatable  to  within  less  than  one  wave 
number.  Urabe  and  Tominaga  have  reported  that  the 
25-dm-1  mode  softens  with  hydration,  [17],  and  Linday, 
Weidlich,  and  Rupprecht  [18]  have  reported  that  the 
mode  frequency  depends  on  counterion  species.  The  re- 
t  suits  shovyn  in  Fig.  2  suggest  that  the  25-cm  1  mode 
shifts  to  higher  frequency  for  RNA  as  compared  to 
DNA,  but  otherwise  is  essentially  independent  of  base  se¬ 
quence.  The  observation  of  the  32-cm-1  feature  in  Li- 
DNA  is  in  agreement  with  the  previously  observed 
dependence  on  counterion  species  [4], 

In  addition  to  the  25-cm*  1  mode,  the  analysis  of  each 
of  the  eight  spectra  shown  in  Fig.  1  indicates  a  minimum 
of  three  additional  spectral  features  that  are  candidates 
for  long-wavelength  modes.  However,  unlike  the  25- 
cm-1  mode,  the  frequency  and  intensity  of  two  of  these 
spectral  features  show  a  strong  sequence  dependence  and 
a  dependence  on  counterion  species.  The  fitting  parame¬ 
ters  listed  in  Table  I  indicate  that  one  feature  lies  in  the 
35-61-cm-1  range  and  the  other  in  the  65-99-cm  * 1 
range.  Both  frequency  ranges  are  significantly  larger 
than  the  uncertainty  in  the  fitting  parameters.  While  it  is 
unclear,  for  example,  how  the  47-cm-1  “mode”  in  Na- 
poly(dA)-polyldT)  may  correlate  with  the  61-cm-’ 
“mode”  in  Li-DNA,  the  analysis  of  the  data  indicates 
that  the  low-frequency  Raman  spectra  of  different  nucleic 
acids  exhibit  correspondingly  different  mode  frequencies 
and  relative  oscillator  strengths. 

The  fitting  of  all  the  spectra  uniformly  indicate  a 
fourth  mode  at  frequencies  near  or  greater  than  200 
cm-1.  A  number  of  complementary  infrared  active 
modes  have  previously  been  seen  in  the  200-250-cm-1 
range,  with  the  prediction  that  Raman-active  modes 
should  occur  in  the  same  frequency  range  [1]. 

The  analysis  of  the  spectra  yields  three  long- 
wavelength,  Raman-active  modes  lying  below  100  cm-1 
that  divide  into  two  classes.  The  25-cm-'  mode  forms 
one  class  that  is  insensitive  to  base  sequence  and  in  this 
sense  does  not  contradict  the  suggestion  that  this  mode  is 
predominantly  interhelical  in  nature  [4],  This  mode  does 
shift  to  higher  frequency  in  spectra  of  RNA  samples:  this 
may  indicate  that  the  additional  furanose  hydroxyl  group 
contributes  to  the  interhelical  force  constant.  It  may  be 
premature,  however,  to  rule  out  the  possibility  of  a  25- 
cm-1  intrahelical  mode  that  both  softens  with  hydration 
and  is  insensitive  to  base  sequence.  The  full  width  at  half 
maximum  of  the  25-cm  - 1  mode  averages  28cm-1. 


second  class  ol  mode  characterized  by  a  strong  depen¬ 
dence  on  have  secii'cnrc  .  ’’  •  •' 

■  pi c\!« -i.iii'.in' i\  v.,\  .  •.  i.aiuii  a'  •-.ugccMco  (  :. 

\  loiislx  '4  1  he  tail  width  ;..:ii  maximum  ol  these  tw. 

modes  is  about  three  times  tltat  of  the  25-cm  ]  mode. 

These  results,  and  then  mu  Ti  elation,  are  based  on  th, 
modeling  of  a  partially  us.. bed  spectral  band  with 
known  functions.  I  he  tilling  parameters  are  a  \altd  sta¬ 
tistical  estimate  and  provide  useful  information  regarding 
low-frequency,  Raman-active  modes  in  nucleic  acids. 
The  measurements  and  analysis  described  in  this  paper 
require  a  minimum  of  three  long-wavelength.  Raman- 
active  modes  to  account  for  the  data.  This  result  for 
dehydrated  fibers  and  films  should  be  compared  with  the 
results  of  previous  investigations  of  fibers  and  films  as  a 
function  of  humidity  [4]  and  of  concentrated  solutions  of 
polynucleotides  [15]  that  require  a  minimum  number  of 
five  and  three  modes,  respectively.  These  findings  suggest 
a  possible  influence  of  water  content  on  the  number  of 
observable  low-frequency,  Raman-active  modes  of  nu¬ 
cleic  acids;  however,  it  may  also  indicate  the  limitations 
of  nonlinear  fitting  routines  and  the  caution  with  which 
these  results  should  be  taken.  With  regard  to  future  ex¬ 
periments,  however,  these  considerations  emphasize  the 
need  for  low-temperature  Raman  measurements  of  po¬ 
lynucleotides,  analogous  to  the  low-temperature  measure¬ 
ments  of  infrared-active  modes  discussed  above  [1],  to  at¬ 
tempt  to  experimentally  resolve  this  band. 

CONCLUDING  REMARKS 

We  have  measured  the  Raman  activity  of  dehydrated 
films  of  nucleic  acids  as  a  function  of  base  sequence  and, 
to  a  lesser  extent,  counterion  species.  The  spectra  have 
been  modeled  with  a  nonlinear  fitting  routine,  and  the 
data  reduction  indicates  that  each  spectrum  is  optimally 
fit  with  four  modes.  Three  of  the  modes  lie  in  the 
25-100-cm-1  range  and  an  additional  mode  near  200 
cm*1  is  indicated. 

The  25-cm’  1  mode  is  essentially  independent  of  base 
sequence,  but  does  depend  on  counterion  species  and 
shifts  to  higher  frequency  in  RNA  samples  relative  to 
DNA  samples.  A  minimum  of  two  additional  modes  in 
the  35-61-cm-1  and  65-99-cm-1  ranges  are  required  to 
account  for  the  spectra.  The  value  of  the  mode  frequen¬ 
cies  and  the  distribution  of  relative  oscillator  strengths 
vary  with  base  sequence.  A  fourth  mode  or  set  of  modes 
near  200  cm  -  1  is  consistent  with  previous  measurements 
[l].  These  results  indicate  that  the  long-wavelength  dy¬ 
namics  of  nucleic  acids  can  be  sequence  dependent.  This 
observation  has  intriguing  implications  for  the  investiga¬ 
tion  of  nucleic-acid-protein  interactions. 
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The  Raman  spectra  shown  in  Fig.  1  exhibit  unresolved 
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fact  encouraged  us  to  attempt  to  tit  the  spectra  with  sets 
of  Lorentzian  and/or  Gaussian  line  shapes.  In  this  Ap¬ 
pendix  we  will  first  summarize  nonlinear  modeling  of 
data,  and  then  outline  the  modifications  to  standard  algo¬ 
rithms  that  are  necessary  for  consideration  of  the  spectra 
presented  in  Fig.  1. 

Fitting  spectral  data  with  a  set  of  Lorentzian  functions, 
Gaussian  functions,  or  functions  that  are  a  linear  com¬ 
bination  of  the  two,  is  a  special  case  of  nonlinear  model¬ 
ing  and  is  based  on  iterative  techniques.  The  general  ap¬ 
proach  for  modeling  the  data  is  to  minimize  a  V'  function 
by  varying,  the  parameters  of  the  known  functions.  The 
Levenberg-"Marquardt  method  has  become  the  standard 
routine  for  nonlinear  least-squares  fitting  of  data  [16].  In¬ 
itially,  a  trial  function  is  chosen,  in  our  case  a  combina¬ 
tion  of  2 n  + 1  Lorentzian  and/or  Gaussian  functions, 
where  n  is  the  number  of  phonon  modes  and  one  function 
represents  the  central  feature.  Each  mode  is  character¬ 
ized  by  three  parameters:  an  eigenfrequency,  a  width  or 
damping  coefficient,  and  an  intensity  or  oscillator 
strength.  In  addition,  for  this  application  a  linear  back¬ 
ground  is  included  to  partially  account  for  fluorescence 
and  instrumental  response;  this  adds  two  additional  pa¬ 
rameters. 

The  Levenberg-Marquardt  method  iteratively  searches 
for  improved  solutions  by  calculating  the  gradient  of  the 
X2  function,  i.e.,  a.'I  experimental  frequencies  are  con¬ 
sidered,  with  respect  to  the  fitting  parameters.  At  each 
iteration  the  parameters  are  incrementally  adjus'ed, 
where  the  increment  is  determined  by  a  constant  times 
the  partial  derivative  of  the  y2  function.  Initially,  the 
constant  alternates  between  a  large  and  small  value,  i.e., 
ideally  allowing  the  algorithm  to  escape  local  minima  and 
to  converge  to  the  global  minimum  in  parameter  space. 
After  the  algorithm  locates  a  robust,  and  hopefully  glo¬ 
bal,  minimum,  the  constant  is  set  to  the  small  value  to 
complete  the  convergence.  This  algorithm  "works  very 
well  in  practice,”  although  it  must  be  emphasized  that 
the  solution  "is  at  best  only  a  statistical  estimate  of  the 
parameters”  [16]. 
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Marquardt  method.  In  our  version  of  the  algorithm  the 
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the  shuttered  central  feature  is  the  most  challenging  spec¬ 
tral  feature  in  the  spectrum. 

In  the  ideal  case  the  known  functions  would  corre¬ 
spond  to  experimentally  measured  line  shapes.  To  keep 
the  calculation  tractable,  however,  we  determined  the  op¬ 
timal  approximate  line  shape  by  considering  linear  com¬ 
binations  of  Gaussian  and  Lorentzian  functions,  i.e.,  add¬ 
ing  one  more  parameter  per  function.  These  linear  com¬ 
binations  approximate  Voigt  line  shapes,  where  the  Voigt 
function  is  the  convolution  of  a  Gaussian  and  a  Lorentzi¬ 
an.  In  all  cases  the  central  feature  converged  to  100% 
Gaussian  functions  and  the  phonon  modes  converged  to 
100%  Lorentzian  functions. 

While  the  phonon  modes  appear  as  Stokes-anti-Stokes 
pairs,  we  have  not  restricted  the  fitting  routine  to  reflect 
this,  preferring  to  treat  the  pairs  independently.  This 
provides  some  measure  of  the  reliability  of  the  fit.  In  ad¬ 
dition,  while  the  frequency  of  the  Stokes  and  anti-Stokes 
shifts  are  identical  for  a  harmonic  oscillator,  the  frequen¬ 
cies  will  differ  according  to  anharmonicity  and  the  energy 
level  (temperature).  For  these  reasons  we  have  chosen 
not  to  symmetrize  the  data,  preferring  to  avoid  filtering 
the  data  whenever  possible.  The  fitting  did  not  clearly  in¬ 
dicate  anharmonic  effects. 

To  determine  the  optimal  fit  for  each  spectrum  we 
have  considered  trial  functions  with  up  to  six  pairs  of 
phonon  modes,  where  we  have  chosen  the  term  “pair”  to 
stress  that  a  phonon  mode  contributes  both  Stokes  and 
anti-Stokes  spectral  features.  For  each  trial  function  of  n 
pairs  the  algorithm  converged  to  a  parameter  set  that 
minimizes  x2-  n  is  then  incrementally  adjusted,  i.e., 
another  phonon  mode  is  considered  in  the  trial  function, 
the  procedure  is  repeated,  and  the  x~  values  are  com¬ 
pared.  Eventually  an  increase  in  n  does  not  improve  the 
fitting;  in  fact,  in  some  cases  the  algorithm  substantially 
broadened  the  additional  modes,  rendering  the  additional 
modes  as  small  contributions  to  the  linear  background. 
For  each  of  the  eight  spectrum  shown  in  Fig.  1,  the  op¬ 
timal  fit  corresponds  to  four  phonon  modes. 
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In  solving  the  secular  equation  of  a  one-dimensional  infinite  lattice  model  of  poly(dA)-polyldT), 
we  obtain  dispersion  relations.  [The  notation  polyldA)-poly(dT)  means  that  one  strand  contains 
only  adenine  (A)  bases,  and  the  other  only  thymine  (T)  bases.]  We  solve  the  equation  for  consecu¬ 
tive  refinements  of  the  nonbonded  force  constants  based  on  Raman,  Brillouin,  and  neutron  scatter¬ 
ing  and  Fourier-transform  infrared  experiments  in  both  polynucleotides  and  random  sequence 
DMA.  When  these  eigenvectors  are  examined  for  base  roll  and  propeller  twist,  such  characteristics 
are  found  to  be  dominant  in  modes  around  50  cm"1. 


I.  INTRODUCTION 

The  polymer  poly(dA)-poly(dT)  is  a  one-dimensional 
nfinite  lattice  with  the  nucleotide  pair  adenine 
A)-thymine  (T)  for  a  unit  cell.  Both  bases  are  planar 
ringed  structures.  The  orientation  of  these  planar  struc- 
:ures  is  described  in  terms  of  two  parameters. 1  One  is  the 
ingle  between  the  bases  in  a  pair,  referred  to  as  the  pro¬ 
peller  twist.  The  other  is  the  base  roll  which  describes 
he  rotation  of  the  base  pair  as  a  whole.  We  calculate  the 
ibsolute  base  roll  which  is  the  change  of  angle  the  base 
pair,  rolling  as  one  unit,  makes  with  the  mean  base  pair 
plane.  Structural  investigations  by  the  Klug2  and  Rich3 
groups  of  single  crystals  of  DMA  dodecamers  have 
identified  a  “propeller  twist”  conformation  for  regions 
:ontaining  a  homopolymeric  run  of  A-T  base  pairs.  Aus¬ 
tin  has  suggested  that  propeller  twist  and  base  pair  roll 
are  temperature  dependent  in  solutions  of  poly(dA)- 
poly(dT).4  Liu  et  a l.5  suggest  that  the  onset  of  these 
departures  from  a  more  regular  structure  could  be  soft 
mode  mediated.  To  explore  this  possibility  we  examine 
the  eigenvectors  of  our  dynamical  matrix  for  dominant 
base  roll  and  propeller  twist. 

Forty-one  atoms  comprise  the  unit  cell,  the  masses  and 
charges  of  the  hydrogen  atoms  being  included  in  the 
heavy  atoms  to  which  they  are  attached.  The  resulting 
123  modes  range  in  frequency  fiom  0.0  to  1700  cm-1. 
The  eigenvectors  are  from  five  different  calculations, 
based  on  consecutive  refinements  of  the  nonbonded  force 
constants6-8  and  also  on  two  different  coordinate 
refinements.9,10  On  average,  for  these  calculations  at 
zone  center,  12.4%  of  the  modes  lie  in  the  0-100-cm-1 
range,  6.7%  in  the  100-200-cm-1  range,  5.5%  in  the 
200-  300-cm-1  range,  8.3%  in  the  300-400-cm-1  range, 
and  67.1%  above  400  cm-1.  The  first  refinement  of  the 
nonbonded  force  constants  by  Devi-Prasad  and  Prohof- 
sky6  is  in  agreement  with  the  acoustic  velocity  of  the 
compressional  mode  obtained  by  Brillouin  scattering  on 
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randomly  sequenced  DNA."  The  second  nonbonded 
force-constant  refinement,  in  addition,  uses  parameters 
from  a  calculation  of  the  vibrational  modes  of  the  copoly¬ 
mer  5-poly(dA-dC)-poly(dG-dT)  (Ref.  7)  which  is  fitted 
to  neutron  scattering  on  randomly  sequenced  DNA.12 
The  final  and  most  recent  refinement8  fits  the  van  der 
Waals  term  to  data  from  a  Fourier-transform  infrared  ex¬ 
periment  on  a  sample  of  poly(dA)-polyfdT)  (Ref.  13).  In 
all  of  our  present  homopolymer  calculations,8131'  we  use 
this  latest  refinement,  as  it  gives  the  most  extensive  agree¬ 
ment  with  experimental  results.  However,  since  we  have 
available  dispersion  data  from  previous  refinements  and 
for  the  two  different  coordinate  refinements,  we  should 
also  like  to  record  the  effects  of  these  changes  on  our  re¬ 
sults. 

II.  CALCULATION 

The  eigenvectors  for  these  calculations  are  found  as 
follows.  The  equation  of  motion15  of  the  polymer  is  given 
by 

(BJF  B  )q  =&>2q  .  (1) 

q  are  the  eigenvectors,  to  the  eigenfrequencies,  F  the  ma¬ 
trix  of  force  constants  of  the  internal  coordinates  of  the 
lattice,  and  B  the  transformation  matrix  from  internal 
coordinates  to  Cartesian  coordinates.  The  force-constant 
matrix  £can  be  considered  as 

F=F„+Fnb  .  (2) 

Fy  is  the  matrix  of  valence  force  constants  refined  from 
spectral  data  above  400  cm-1.16  In  seeking  to  compare 
dispersion  relations,  that  is,  relationships  between  fre¬ 
quency  and  wavelength  of  the  normal  modes  in  the  la1' 
tice,  to  experiment,  we  find  that  to  the  valence  force  con¬ 
stants  Fv  must  be  added  nonbonded  interactions  Fs b  ^e’ 
tween  a  unit  cell  and  its  neighbors.  The  nonbonded  'n' 
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A.  Nonbomk'd  interaction 
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The  nonbonded  model  1.RF2  lias 


Our  present  refinement  of  the  nonbonded  or  long-range 
force  constants  is  based  on  Brillouin  and  Fourier- 
transform  infrared  experiments  as  well  as  a  copolymer 
model  refined  to  fit  neutron  scattering  data  on  random  se¬ 
quence  DNA.  We  shall  describe  the  three  successive 
refinements  of  the  nonbonded  or  long-range  forces 
specified  below  as  LRF1,  LRF2,  and  LFR3.  The  specific 
form  of  both  the  Coulombic  and  van  der  Waals  force 
needed  for  such  correlation  is  also  affected  by  the  model 
assumed  for  both  charges  on  the  atoms  and  their  position 
coordinates.  Thus,  in  Table  I,  CR1  and  CR2  refer  to  two 
different  coordinate  refinements  from  Arnott  et  a/.9,w 
We  use  charges  from  Miller17  in  the  first,  second,  fourth, 
and  fifth  columns  of  Table  I  and  charges  from  Renugo- 
palkrishnan  et  al. 18  in  the  third  column.  The  Miller 
charges  are  reduced  by  2.31  by  comparison  to  experimen¬ 
tally  determined  charges. 19  In  Eqs.  (3),  (4),  and  (5),  e , 
refers  to  the  charge  on  atom  i,  rtJ  to  the  distance  between 
atoms  i  and  j,  and  e  the  dielectric  constant.  Two  dielec¬ 
tric  constants  are  required  as  some  atoms  affect  each  oth¬ 
er  through  water  and  some  through  bases.  Our  earlier 
nonbonded  or  long-range  force  model  LFF1  has 
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with  a  fitting  parameter  a  =  1.8,  the  dielectric  constant  of 
water  taken  as  81.0,  and  the  dielectric  between  bases  be- 
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Since  Lee  et  al .20  have  indicated  that  the  water  dipole 
orientation  time  near  the  DNA  polymer  varies  with  fre¬ 
quency,  we  have  improved  our  model  of  nonbonded  in¬ 
teraction,  by  using  a  value  of  9.0  for  the  dielectric  con¬ 
stant  of  water.  For  the  dielectric  between  the  bases,  we 
continue  to  use  6.0.  17  =  0.43  which  accounts  for  the  scal¬ 
ing  of  the  charges  and  a  conversion  factor  to  give  the 
force  constants  in  units  of  mdyn/A,  for  charges  given  in 
units  of  electronic  charge  and  coordinates  given  in 
angstroms.  The  constants  for  the  van  der  Waals  term 
come  from  Eyster  and  Prohofsky,15 


A  =1.85  ; 


B  =209.2  ; 
C  =3. 7  . 


This  model  is  used  by  Prabhu  et  al.1  for  the  DNA  co¬ 
polymer  poly(dA-dC)-polyfdG-dT)  in  fitting  the  acoustic 
compressional  mode  to  that  observed  in  inelastic  neutron 
scattering. 12 

Our  third  model  LRF3  has 


F  _  , 
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TABLE  L  Frequency  ranges  (cm-1)  for  base  roll  and  propeller  twist. 


CR1* 

LRF3b 

CRl-LRF3a' 

CRl-LRFlad 

CR2'- 

-LRF2r 

CR2-LRFF 

Calc. 

Frcq. 

92 

Freq. 

r,2 

Freq. 

/; 

Freq. 

V 

Freq. 

Twist 

51.9 

0.76 

49.4 

0.74 

43.3 

0.45 

Twist-adenine 

43.4 

0.51 

43.5 

0.55 

47.6 

0.69 

46.3 

0.4C 

49.9 

0.70 

49.4 

0.75 

51.9 

0.76 

52.0 

0.73 

53.4 

0.61 

65.1 

0.61 

Twist-thymine 

43.3 

0.88 

43.4 

0.77 

43.5 

0.46 

47.6 

0.89 

46.3 

0.48 

49.9 

0.86 

49.4 

0.84 

51.9 

0.81 

52.0 

0.46 

Roil 

49.9 

0.79 

47.6 

0.79 

43.3 

0.58 

43.4 

0.69 

’CP,  1  refers  to  the  coordinate  refinement  of  Ref.  9. 
hLRF3  refers  to  Eq.  (5)  with  A  =0. 12. 

TRF3a  refers  to  Eq.  (5)  with  A  =  —0.048. 

‘'LRF1  refers  to  Eq.  (1)  with  charges  from  Ref.  19.  (Except  for  this  column,  all  charges  are  liom  Ref.  18.) 
rCR2  relers  to  the  coordinate  refinement  of  Ref.  10. 

'LFR2  refers  to  Eq.  (4) 

’LRF1  refers  to  Eq.  (1). 
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has  hoon  simplified  tor  filling  to  data  tti  lito  lar-infrarcd 
region  (50-  I  15  cm  ')  measured  by  Fourier-transform  in¬ 
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.!  :  0.  12.  This  latest  model  is  the  best  tit  to  e  .perimental 
data  for  polyidA)-poly(dT).  Initially,  we  had  used  a  value 
A  =  —0.048  which  we  label  LRF3a  in  the  second 
column  of  Table  I. 

Because  of  the  variation  of  water  dipole  orientation 
time  with  frequency,  the  dielectric  constant  is  frequency 
dependent  as  well.  For  this  reason,  a  value  of  81.0  is  used 
for  the  dielectric  constant  of  water  in  reproducing  the 
Bril  loti  i  n  scattering  results  (5-20-GHz  range),  and  a 
value  of  9.0  is  used  in  reproducing  inelastic  neutron 
scattering  data  (THz  region).  Using  the  appropriate  non- 
bonded  force-constant  matrix,  Esn,  wc  diagonalize 
E  F  B  in  Eq.  (1)  and  obtain  normalized  eigenvectors  and 
eigenvalues  of  the  lattice.  Depending  on  the  nonbonded 
interaction  used,  the  lowest-lying  optical  mode  varies  be¬ 
tween  6  and  9  cm”1.  The  next  highest  optical  mode 
varies  between  1 1  and  18  cm”1.  The  lowest  observed  op¬ 
tical  mode  in  Raman  scattering  is  at  12  cm”  ’,23 

B.  Absolute  base  roll  and  propeller  twist 

The  components  of  an  eigenvector  interpret  as  the  rela¬ 
tive  amplitudes  of  motion  of  all  the  atoms  in  the  unit  cell. 
These  amplitudes  are  calculated  in  mass-weighted,  Carte¬ 
sian  displacement  coordinates.  By  convention  the  axis  of 
roll  or  twist  for  the  bases  is  through  the  pyrimidine  C(6) 
atom  and  the  purine  08)  atom.  We  construct  a  test  vec¬ 
tor  with  no  displacement  in  the  sugar  phosphate  (back¬ 
bone)  atoms  but  a  roll  or  twist  about  the  above- 
mentioned  axis  in  the  two  bases.  We  mass  weight  this 
vector  in  the  same  way  the  eigenvectors  are  mass  weight¬ 
ed,  and  then  take  the  dot  product  of  this  test  vector  with 
all  eigenvectors  of  the  dynamical  matrix  (that  is,  an  or¬ 
thogonal  and  normalized  set).  If  the  dot  product  with  the 
ilh  eigenvector  is  /,', 

2U/)2=1.  (6) 

/ 

Those  eigenvectors  of  the  dynamical  matrix,  whose 
square  of  the  inner  product  with  the  test  vector  is  greater 
than  0.5,  are  interpreted  as  possessing  in  character  the 
roll  or  twist  of  the  test  eigenvector. 

III.  RESULTS 

We  employed  four  kinds  of  test  vectors. 

1.  A  test  vector  with  unit  angular  propeller  twist  be¬ 
tween  the  two  bases  about  the  C(6)-C(8)  axis.  The  results 
are  displayed  in  the  first  row  of  Table  I. 

2.  A  test  vector  with  unit  angular  displacement  of 
adenine  about  the  C(6)-C(8)  axis  with  all  other  atoms  at 
rest.  The  results  arc  displayed  in  the  second  row  of  Table 
I. 


axis  >.v  :th  all  at  m:»  i ::  sugar  pirn  :  a. Be  a  -a. \.r 

rest.  1  he  results  are  displayed  in  the  fourth  tow  ot  1  able 
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In  each  column  of  Table  I,  we  spectiy  first  trie  modes 
which  have  the  value  of  the  square  of  inner  product  t'r 
greater  than  0.5  and  then  the  value  of/.'"  itself.  However, 
we  must  note  one  point.  In  order  to  detect  the  tendency 
of  the  bases  to  twist  or  roll,  even  when  the  backbone 
atoms  have  a  large-amplitude  motion,  we  keep  only  the 
part  of  the  eigenvector  representing  the  amplitude  of  the 
base  atoms  and  normalize  this  new'  set.  In  this  process, 
we  lose  the  orthogonality  of  our  set  of  eigenvectors  and 
thus  the  relation  in  Eq.  (6).  For  this  reason,  we  denote 
the  inner  product  of  test  vector  with  the  new  zth  eigen¬ 
vector  as  /,  instead  of  //.  (This  change  is  not  a  problem 
for  our  study,  since  we  are  not  interested  in  the  actual 
amplitude  of  motion  of  the  atoms  so  much  as  the  tenden¬ 
cy  of  the  bases  to  twist.) 

We  notice  that  in  all  the  models  employed  for  the  non¬ 
bonded  forces,  the  dominant  response  of  base  roll  or  pro¬ 
peller  twist  is  in  the  range  43-53  cm  '.  In  each  column 
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FIG.  1.  Distribution  of  propeller  twist  modes  in  the  0-200- 
cm  "  '  range  for  each  column  of  the  first  row  in  Table  I.  (Note: 
first  row,  the  fourth  and  fifth  columns  of  Table  I  are  blank,  since 
the  square  inner  products  for  those  calculations  are  less  than  0  5 
as  seen  here.) 
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of  Table  1.  we  see  that  either  the  adenine  or  the  thymine 
base  shows  a  ten.!  ■■■■,•■,  to  r*  ’  ' o r : '  ;':.e  (."•<>  a\is. 

T  hese  details  show  the  eonti  ibutien  o!  the  separate 
motion  of  each  base  unit  to  the  propeller  twist  and  base 
tv:!,  l  or  example,  m  the  } t r s ■  ,;;a:  seeen.i  eolamns.  wo  set.’ 
that  the  thymine  base  contributes  more  to  the  propeller 
twist  and  base  roll  than  the  adenine  base.  That  is,  the 
propeller  twist  and  base  roll  have  larger  projections  onto 
the  thymine-only  twist. 

In  Fig.  1,  we  show  the  distribution  of  the  propeller 
twist  modes  in  the  0-200-cm~'  range.  This  figure  corre¬ 
sponds  to  the  first  row  of  Table  I;  that  is,  starting  from 
the  top  of  Fig.  1,  and  counting  downward,  the  first  plot 
corresponds  to  propeller  twist  for  CR1-LRF3.  The 
second  plot  is  for  propeller  twist,  CRl-LRF3a;  the  third 
plot,  for  propeller  twist,  CRl-LRFla;  the  fourth,  for  pro¬ 
peller  twist,  CR2-LRF2;  and  the  fifth,  for  CR2-LRF1. 
The  total  number  of  modes  in  the  0-200-cnT1  region  is 
24  for  the  first  three  plots  and  20  and  25  for  the  fourth 
and  fifth  plots,  respectively.  In  those  cases  in  which  one 
mode  has  most  of  the  propeller  twist  character,  the  other 
modes  will  have  very  small  or  zero  t 2  and  thus  will  not 
appear  in  the  figure.  Values  for  propeller  twist  are  not 
given  in  the  fourth  and  fifth  columns  of  Table  I,  since  the 
t 2  for  these  calculations  is  less  than  0.5.  However,  we 
note  that  even  for  these  calculations,  the  highest  values  of 
the  r, 2  are  centered  around  50 cm-1  (Fig.  1). 


In  coiapji  ing  the  tii  si  and  second  o  •lumi: .  ml.  1 
dsn  the  impel  two  phir-s  in  I i  .  we  see  e  •'  ■  • 

of  adjusting  .1  in  1  q.  (5)  is  a  slight  decrease  the  tic- 
quencies  of  the  modes  in  the  50-cm  1  range.  Ir.  the  i.-thct 
long-range  l'oice  models  Tig.  1  ,  the  pro.;  'a:  • 
acter  is  less  distinct  for  a  particular  mode.  Instead,  it  ap¬ 
pears  to  be  shared  over  two  or  three  modes. 

In  measuring  the  low-frequency  Raman  spectra  of 
oriented  fibers  of  polytd A)-poly!dT),  Liu  et  a/. 5  report 
bands  near  60  and  130  cnT1  which  appear  to  “melt  out” 
with  prolonged  laser  exposure.  One  explanation5  pro¬ 
posed  is  that  the  bands  are  associated  with  a 
temperature-dependent  soft  mode  for  the  transition  to  a 
propeller  twist  conformation,  and  thus  the  bands  disap¬ 
pear  as  the  temperature  of  the  sample  rises  with  increased 
photon  counts.  The  implication  of  the  present  calcula¬ 
tion  is  that  a  mode  in  the  43-53-cm-1  range  should  be  a 
candidate  for  this  soft  mode.  This  calculation  also  sug¬ 
gests  a  correlation  between  the  experimentally  observed 
mode  near  135  cm'1  and  the  calculated  modes  in  the 
105-1  10-citT  1  range  (Fig.  1). 
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The  Raman  activity  of  Iow-trequency  (20-300  cm  ')  vibrational  modes  of  dehydrated,  oriented 
fibers  of  the  sodium  salts  of  poly(dA)-po!y(dT)  and  random  sequenced  DNA  have  been  measured. 
Distinct  bands  near  60,  75-100,  and  125-140  cm-1  are  resolved  in  poly  dAi  polyidl  ■  The  Raman 
activity  of  the  two  lowest  bands  correlate  with  the  previously  observed  infrared  activity  of 
poly(dA)-polytdT).  The  apparent  reduction  in  spectral  line  broadening  for  polvd.-V-polyfdT),  as 
demonstrated  by  this  and  previous  measurements  of  a  number  of  different  polynucleotides,  is  con¬ 
sidered  as  possible  evidence  for  inhomogeneous  line  broadening. 


In  1987  Genzel  and  co-workers'  published  results  of  a 
far-infrared  (40-500  cm-1)  investigation  of  long- 
wavelength  vibrational  models  in  polynucleotides.  Mea¬ 
surements  of  vacuum-dried,  free-standing,  unoriented 
films  of  poly(dA)-poly(dT),  poly(dA-dT)-poly(dA-dT), 
poly(dG)-poly(dC),  and  poly(rA)-poly(rU)  under  various 
temperature  and  salting  conditions  were  reported.  The 
spectra  of  poly(dA)-poly(dT)  were  unique  in  that,  for  the 
appropriate  salting  conditions,  three  sharp  bands  at  62, 
80,  and  95  cm"'  were  resolved  in  room-temperature 
spectra  and,  in  addition,  a  detailed  spectrum  of  “outer” 
modes  from  125  to  250  cm-1  were  observed.  These  ex¬ 
perimental  results  were  described  in  terms  of  a  lattice- 
dynamical  model  that  predicts  Davydov  pairs  of  vibra¬ 
tional  modes  that  are  split  by  a  few  wave  numbers.  One 
mode  of  the  pair  will  be  principally  infrared  active  and 
the  other  principally  Raman  active.  The  purpose  of  this 
Brief  Report  is  to  present  the  results  of  low-frequen¬ 
cy  (20-300  cm-1)  Raman  measurements  of 

poly(dA)-poly(dT)  and  random  sequenced  DNA.  Before 
describing  these  results,  however,  a  brief  summary  of  re¬ 
lated  research  is  presented. 

Prior  to  the  far-infrared  measurements,  Urabe  and 
Tominaga  published  low-frequency  Raman  measure¬ 
ments2  of  nucleic  acids  including  the  observation  of  a 
broad  feature  near  85  cm-1.  Together  with  co-workers 
they  also  observed  modes  at  frequencies  below  50  cm"',3 
as  have  Lindsay  and  co-workers.4  Since  the  appearance 
of  the  far-infrared  measurements  several  complementary 
investigations  have  been  reported.  Prohofsky  and  co¬ 
workers5  have  presented  a  lattice-dynamical  calculation 
that  addresses  the  temperature  dependence  of  these 
modes.  In  addition,  during  the  preparation  of  this 
manuscript  Weidlich  and  Lindsay^  reported  measure¬ 
ments  of  polynucleotide  gels  (70-150  g/1)  which  revealed 
features  in  difference  spectra  where  a  water  background 
has  been  subtracted  from  the  gel  spectra. 

For  this  investigation  the  nucleic  acid  samples  were 
prepared  as  follows.  Single  fibers  of  the  sodium  salts  of 


poly(dA)-poly(dT)  (Sigma  Chemical  Company,  lots 
127F03421  and  127F03431)  and  of  calf  thymus  DNA 
(Sigma  Chemical  Company,  lot  17F-9610)  were  pulled 
yielding  DNA  molecules  that  are  essentially  oriented 
along  the  fiber  directon.7  The  fibers  were  then  dialyzed  in 
a  73%  (by  volume)  ethanol  and  27%  (by  volume)  distilled 
water  solution  to  remove  excess  salt  and  then  dried  in  a 
desiccated  environment  as  done  previously.'  The  spectra 
were  obtained  using  a  Spex  Model  1403  double  mono¬ 
chromator  and  a  Coherent  Inova  90  argon-ion  laser.  The 
laser  was  operated  at  488  nm  with  a  power  at  the  fiber  of 
10  mW.  Spectra  were  obtained  in  a  90°  geometry  and  po¬ 
larization  occurred  along  the  fiber  axis.  Scattered  light 
was  detected  by  an  RCA  C3103M  GaAs  photomultiplier 
tube.  Liquid-nitrogen-temperature  spectra  were  taken 
under  vacuum  with  a  cold-finger  bath  cryostat.  For  some 
spectra  the  plasma  emission  lines  have  been  partially 
filtered.  Experimental  spectra  present  raw  data;  no 
averaging  was  used  and  there  has  not  been  subtraction  of 
any  type  of  background.  Collection  times  of  many  hours 
were  required  to  achieve  acceptable  signal-to-noise  ratios. 
The  performance  of  the  spectrometer  has  been  confirmed 
with  more  conventional  solid-state  samples  and  multiple 
fibers  were  investigated  to  ensure  that  the  features  are 
reproducible. 

Figure  1(a)  presents  a  room-temperature  spectrum  of 
poly(dA)-poly(dT)  showing  a  distinct  band  in  the  75  to 
100  cm-'  region.  Figure  Kb)  presents  a  lower  resolution, 
room-temperature  spectrum  of  poly(dA)-poly(dT);  for  re¬ 
duced  photon  counts  additional  bands  near  60  cm-1  and 
125-140  cm-1  are  observed.  For  comparison,  in  Fig. 
1(c)  the  room-temperature  spectrum  from  a  fiber  of  calf 
thymus  DNA  is  presented  demonstrating  a  broad  feature 
near  85  cm-1;  changes  of  scale  do  not  reveal  any  addi¬ 
tional  structure.  For  these  purposes  calf  thymus  DNA 
may  be  viewed  as  having  a  random  sequence. 

In  an  attempt  to  resolve  the  75  to  100  cm-'  band  in 
poIy(dA)-poly(dT)  we  have  paralleled  the  far-infrared  ex¬ 
periments  by  making  low-temperature  measurements  as 
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FIG.  1.  Low-frequency  Raman  spectra  of  DNA  at  room  tem¬ 
perature:  (a)  poly(dA)-polytdT),  approximately  101  counts;  (b) 
poly(dA)-poly(dT),  approximately  10’  counts;  (c)  random  se¬ 
quenced  DNA.  Plasma  emission  lines  of  the  argon-ion  laser  are 
indicated  by  p. 


ated  with  the  use  of  the  cryostat  led  to  a  decrease  in  the 

iii.,,.!,',,,  t..  i  i:..  .i  »  >: 

heating  ot  the  libei.  li  should  be  noted  that  our  low- 
temperature  spectra  show  indications  ol  a  hand  neat  2? 
cm  1  as  previously  observed.' 

modeled  as  a  sum  of  oscillators.  A  spectrum  was  first 
symmetrized  to  remove  the  fluorescence  background  and 
plasma  lines.  The  symmetrized  spectrum  was  then 
modeled  as  a  sum  of  Lorentzian  curves;  the  spirit  of  this 
process  is  to  fit  a  spectrum  with  as  few  oscillators  as  is 
reasonable.  As  an  example,  the  multioscillator  fit  to  the 
spectrum  shown  in  Fig.  ha)  is  presented  in  Fig.  3.  Mul- 
tioscillator  fits  of  the  data  in  Figs.  1(a)  and  1(b)  clearly  as¬ 
sign  modes  at  78  and  92  cm”1  and  58.  78,  94,  and  134 
cm  respectively;  although  additional  oscillators  were 
required  to  achieve  reasonable  fits,  these  modes  are  not 
obvious  in  the  original  spectra.  These  “weak”  modes  in¬ 
clude  52,  60,  and  84  cm'1  modes  in  Fig.  1(a).  In  addi¬ 
tion,  both  spectra  required  a  mode  near  35  to  40  cm 
the  intensity  of  this  mode  was  particularly  sensitive  to  the 
fitting  of  the  central  feature.  The  spectral  features  of 
poly(dA)-po!y(dT)  are  summarized  in  Table  I  and  are 
compared  with  previous  observations  of  infrared-  and 
Raman-active  modes.  It  may  be  interesting  to  point  out 
that  far-infrared  measurements  of  polyethylene  and  other 
polyethylenelike  polymers  demonstrate  a  mode  at  73 
cm  1  for  room  temperature  and  a  weak  108  cm”1  mode 
for  low  temperature.10 

There  are  several  aspects  of  these  data  to  be  discussed. 
First,  Raman-active  modes  lie  at  58-60,  78,  and  92-94 
cm  1  in  definite  correlation  to  the  infrared-active  modes 
observed  at  62,  80,  and  95  cm  ” 1  by  previous  room- 
temperature  measurements.1  Although  Landau  splitting 
predicts  the  Raman-active  modes  to  lie  at  higher  frequen¬ 
cy,  the  splittings  are  small  and,  given  the  resolution  of 
the  respective  measurements  and  limitations  in  compar¬ 
ing  Fourier  transform  infrared  (FTIR)  and  Raman  spec¬ 
tra,  these  differences  are  not  significant. 
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FIG.  2.  Liquid-nitrogen-temperature  spectra  of  poly(dA)  poly(dT).  Plasma  emission  lines  of  the  argon-ion  laser  are  indicated  by  p. 
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FIG.  3.  Multioscillator  fit  to  the  spectrum  presented  in  Fig. 
"1(a).  The  top  curve  represents  the  sum  of  Lorentzian  curves 
(plus  one  Lorentzian  to  model  the  central  feature)  and  the 
points  represent  the  symmetrized  data  (see  text).  The  lower  six 
curves  represent  the  six  oscillators  used  in  the  model;  an  offset 
was  introduced  for  clarity. 


It  is  clear  from  these  results  and  from  the  results  of 
previous  measurements  as  summarized  above  that  the 
low-lying  spectral  features  of  poly(dA)-poly(dT),  as  seen 
in  dehydrated  fibers  and  films  and  in  gels,  are  sharper 
than  comparable  measurements  of  other  nucleic  acids. 
What  causes  this  apparent  reduction  in  spectral  line 
broadening0  Of  the  known  line-broadening  mecha¬ 
nisms,"  most  relevant  to  these  studies  is  inhomogeneous 


TABLE  I.  Observed  low-frequency  modes  in  room- 
temperature  spectra  of  Na-poly(dA)-polvtdT).  Column  one 
summarizes  the  results  of  this  investigation:  w  indicates  relative¬ 
ly  weak  modes  (see  text).  The  three  modes  reported  in  Ref.  6 
are  presented  in  the  second  column;  these  modes  formed  an  un¬ 
resolved  band  and  eigenfrequencies  were  determined  in  a 
method  similar  to  that  discussed  in  the  text.  In  the  third 
column  the  modes  as  reported  in  Ref.  1  are  presented.  Frequen¬ 
cies  are  in  wave  numbers. 
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1  hese  result'-  suggest  that  pciydA'-polyd'I  ..  relative  to 
other  sequences,  may  exhibit  enhanced  base-pair  to  base- 
pair  s]  nu  t  lira!  uniformity.  For  long-wavelength  vibra 
:i.  1...1  ia(\A'.  lack  r!  siiuctn!ui  naiioniiitv  along  a  DNA 
polymer  is  equivalent  to  a  disti ibution  of  defects  in  a 
one-dimensional  lattice,  i.e.,  a  source  of  spectral  line 
broadening.  This  may  explain  the  experimental  require¬ 
ment  of  dialyzing  samples  to  eliminate  randomly  distri¬ 
buted  salt  crystals:  measurements  of  infrared  activity  in 
films  (1)  and  Raman  activity  in  fibers  (data  not  shown),  in 
(he  presence  of  excess  salt,  fail  to  resolve  these  low-lying 
features. 

It  is  well  known  that  poly(dA)-poly(dT)  has  many 
unique  structural  and  physical  properties.  Two  recent 
structural  determinations12  of  A  tracts  in  DNA  dodeca- 
mers  have  reported  that  tracts  of  dAdT  assume  an  unusu¬ 
al  B-type  structure  whose  characteristics  include  an  ex¬ 
treme  propeller  twist,  maximized  base  stacking,  a  system 
of  bifurcated  hydrogen  bonds,  and  a  narrowing  of  the 
minor  groove.  It  has  been  proposed13  that  a  spine  of  hy¬ 
dration  in  the  minor  groove  stabilizes  this  structure. 
Poly(dA)  poly(dT)  does  not  exhibit  the  A  to  B  conforma¬ 
tional  transition  as  a  function  of  salt  and  hydration;  how¬ 
ever,  Austin  and  co-workers 14  have  pointed  out  that  for 
physiological  conditions  poly(dA)  poly(dT)  does  exhibit 
conformational  flexibility  as  a  function  of  temperature. 
A  candidate  for  a  temperature-mediated  soft  mode  asso¬ 
ciated  with  this  transition  is  evident  in  a  lattice- 
dynamical  model.15 

Another  aspect  of  these  data  is  evident  from  compar¬ 
ison  of  Figs.  1(a)  and  Kb).  In  the  first  spectrum  the 
feature  near  60  cm"  is  not  as  well  resolved  as  the 
75-100  cm-1  band.  In  the  second  spectrum,  how'ever, 
bands  near  60  and  125-140  cm-1  are  apparent.  In  our 
measurements  the  60  and  125-140  cm-1  bands  are 
resolved  in  early  scans  of  a  fiber  but  appear  to  “melt  out” 
as  photon  counts  mount  during  later  scans.  One  possible 
explanation  is  that  these  modes  may  be  interhelical  and 
the  order  necessary  to  support  such  modes  is  thermally 
disrupted.  A  second  possible  explanation  is  that  these 
modes  are  associated  with  a  temperature-dependent  soft 
mode  as  discussed  in  the  preceeding  paragraph.  These  is¬ 
sues  are  of  particular  interest  since  two  lattice-dynamical 
models5,16  differ  in  their  ability  to  account  for  the  60- 
cm'1  mode  as  an  intrahelical  mode. 

In  conclusion,  we  have  made  measurements  of  dehy¬ 
drated,  oriented  fibers  of  poly(dA)  poly(dT)  with  im¬ 
proved  resolution  of  several  low  lying,  Raman-active 
bands.  A  multioscillator  fit  of  the  spectra  assigns  modes 
at  58-60,  78,  and  92-94  cm-1  that  correlate  with  those 
observed  ii.  far-infrared  measurements.1  These  features 
have  a  high  Q  relative  to  comparable  measurements  of 
other  DNA  sequences  and  are  well  described  by  lattice 
dynamics.  These  results  suggest  that  further  experiments 
be  done  to  address  whether  these  modes  are  indeed  inho- 
mogeneously  broadened.  With  regards  to  the  modes  near 
58-60  and  134  cm-1,  their  dynamical  behavior  appears 
to  differ  from  those  modes  in  the  75  to  100  cm-1  band. 


i  >  l\  1  i  I  r.  1  1  >  !  -  . 
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ABSTRACT 

Free-electron  lasers  (FELs)  provide  tunable,  pulsed  radiation  in  the  infrared.  Using  the  FEL  as  a  pump 
beam,  we  are  investigating  the  mechanisms  for  energy  transfer  between  localized  vibrational  modes  and 
between  vibrational  modes  and  lattice  or  phonon  modes.  Either  a  laser-Raman  system  or  a  Fourier 
transform  infrared  (FTIR)  spectrometer  will  serve  as  the  probe  beam,  with  the  attribute  of  placing  the 
burden  of  detection  on  two  conventional  spectroscopic  techniques  that  circumvent  the  limited  response 
of  infrared  detectors.  More  specifically,  the  Raman  effect  inelastically  shifts  an  exciting  laser  line, 
typically  a  visible  frequency,  by  the  energy  of  the  vibrational  mode;  however,  the  shifted  Raman  lines 
also  lie  in  the  visible,  allowing  for  detection  with  highly  efficient  visible  detectors.  With  regards  to 
FTIR  spectroscopy,  the  multiplex  advantage  yields  a  distinct  benefit  for  infrared  detector  response. 

Our  group  is  investigating  intramolecular  and  intermolecular  energy  transfer  processes  in  both 
biopolymers  and  more  traditional  materials.  For  example,  alkali  halides  contain  a  number  of  defect 
types  that  effectively  transfer  energy  in  an  intermolecular  process.  Similarly,  the  functioning  of 
biopolymers  depends  on  efficient  intramolecular  energy  transfer.  Understanding  these  mechanisms  will 
enhance  our  ability  to  modify  biopolymers  and  materials  with  applications  to  biology,  medicine,  and 
materials  science. 


1.  INTRODUCTION 

Vanderbilt  University  has  recently  constructed  a  multidisciplinary  research  center  to  investigate  the 
applications  of  FELs  to  medical  and  materials  research.1  The  FEL  was  commissioned  during  the 
summer  of  1991  and  now  serves  as  a  national  facility  offering  unique  opportunities  for  scientific 
research.  In  the  past,  scientists  working  with  FELs  have  been  specifically  concerned  with  FEL 
technology  development;2  after  all,  a  stable  and  reliable  radiation  source  is  required  for  applications 
research.  FELs  are  on  the  verge  of  achieving  both  stability  and  reliability3  and  many  scientists  working 
with  FELs  are  now  concerned  with  applications  of  these  tunable,  pulsed  infrared  sources  with  high 
output  power. 

In  the  following  we  outline  the  operating  characteristics  of  the  Sierra  Laser  Systems  model  FEL  I  and 
briefly  describe  the  Vanderbilt  FEL  Center.  The  FEL  is  then  assessed  as  a  pulsed  infrared  radiation 
source  for  spectroscopic  research,  two  specific  FEL  applications  are  described  and  then  discussed  as 
novel  spectroscopic  techniques  for  materials  and  biopolymer  research.  We  conclude  with  a  brief 
description  of  future  FEL  applications  currently  planned  for  development  at  Vanderbilt. 
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Figure  Two:  Laboratory  Level 
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Table  I:  Parameters  of  the  Vanderbilt  Free  Fhrtron  Laser 


Nominal 

Measured 

Accelerator 

Electron  energy 

20-45  MeV 

36-43  MeV 

Micropulse  peak  current 

20-40  A 

Macropulse  average  current 

200  mA 

250  mA 

Energy  spread 

0.5% 

0.5% 

Normalized  emittance 

47ixl  On:  mm-mrad 

Wiggler 

Wiggler  length 

108  cm 

108  cm 

Wiggler  period 

2.3  cm 

2.3  cm 

Maximum  wiggler  field  (rms) 

0.47  T 

0.44  T 

Laser 

Wavelength 

2-10  pm 

2.7-4.9  pm 

Micropulse  duration 

0.5-3  ps 

Micropulse  repetition  rate 

2.9  GHz 

2.9  Ghz 

Macropulse  duration 

0.5-6  ps 

6  ps 

Macropulse  energy 

100  mJ 

360  mJ 

Macropulse  repetition  rate 

0-60  Hz 

1-30  Hz 

Overall  average  power 

0-6  W 

0-11  w 

3 


2.  VANDERBILT  UNIVERSITY  FREE-ELECTRON  LASER  CENTER 


The  FEL  Center  is  an  operational,  state-of-the-art  research  facility  offering  a  stimulating  and  diverse 
environment  for  scientific  research.  Figures  one  and  two  have  been  included  to  give  the  reader  a  sense 
of  the  scale  of  the  FEL  facility.  As  shown  in  these  figures,  the  FEL  is  housed  in  a  vault  located  below 
the  laboratory  level.  The  FEL  control  and  diagnostics  rooms  and  approximately  6000  square  feet  of 
laboratory  space,  including  five  target  rooms,  are  located  on  the  laboratory  level,  as  shown  in  figure 
two.  The  FEL  Center  is  located  on  the  main  campus,  very  close  to  the  School  of  Medicine,  the 
Departments  of  Physics  and  Astronomy,  Chemistry,  and  Molecular  Biology,  and  the  School  of 
Engineering.  The  Vanderbilt  FEL  is  a  Sierra  Laser  Systems  model  FEL  I,  similar  in  design  to  the 
Stanford  Mark  III  FEL,  providing  continuously  tunable,  pulsed  radiation  from  2  to  10  microns  with 
both  high  average  and  high  peak  power.  The  operating  parameters  are  summarized  in  Table  I. 

The  Vanderbilt  Center  is  the  first  FEL  facility  dedicated  to  applications  research.  Applications 
programs  in  surface  physics,  materials  science,  biological  physics,  molecular  biology  and  biochemistry, 
biomedical  engineering,  neurosurgery,  head  and  neck  surgery,  and  radiology  have  been  active  since 
1987.  A  large  amount  of  equipment  is  available  for  applications  research,  including  ultra-high  vacuum 
chambers,  nanosecond  and  picosecond  pulsed-lasers,  a  laser-Raman  system,  a  Fourier  Transform 
Infrared  (FTIR)  spectrometer,  and  a  frequency-domain  fluorometer.  In  addition,  the  Center  has  well- 
equipped  supporting  laboratories  for  preparing  samples  for  materials  and  biophysical  research  and  for 
preparing  specimens  for  biological  and  medical  investigations. 

3.  APPLICATIONS  FOR  MATERIALS  AND  BIOPOLYMERS 

During  the  past  several  years  we  have  been  planning  the  initial  phase  of  FEL  application  experiments. 
One  of  the  first  stages  in  the  planning  exercise  was  an  assessment,  outlined  in  subsection  3.1,  of  the 
infrared  FEL  as  a  spectroscopic  tool.  This  assessment  indicated  that  a  prudent  scientific  approach  is 
based  on  two-color  experiments,  described  in  subsection  3.2,  using  the  FEL  as  the  pump  beam  with 
more  proven  spectroscopic  techniques  serving  as  the  probe  beam.  We  conclude  this  section  with  an 
outline  of  the  scientific  issues  in  materials  science  (subsection  3.3)  and  biological  physics  (subsection 
3.4)  to  be  investigated  with  these  techniques. 

3.1.  Initial  considerations  for  FEL  applications  research 

What  non-trivial  investigations  are  appropriate  for  the  initial  phase  of  FEL-application  experiments? 
This  question  needs  to  be  considered  from  several  points  of  view.  One  point  of  view  recognizes  the 
FEL  as  a  novel  source  of  infrared  radiation  offering  continuous  tunability  over  a  wide  frequency  range 
and  delivering  pulsed  radiation  with  both  high-peak  and  high-average  power.  A  class  of  spectroscopic 
experiments  that  were  impossible  a  decade  ago  can  now  be  undertaken:  this  implies  a  wealth  of 
experimental  opportunity.  Another  point  of  view  draws  the  unavoidable  comparison  to  the  field  of 
visible  spectroscopy,  which  has  enjoyed  considerable  scientific  progress  in  part  due  to  both  the  high-Q 
of  visible  lasers  and  to  the  sensitivity  of  visible  detectors.  The  performance  of  infrared  detectors  does 
not  match  that  of  visible  detectors;  this  wavelength  dependence  is  a  fundamental  limitation.5  Similarly, 
the  power  density  depends  on  the  ability  to  focus  the  laser  beam;  with  regards  to  infrared  investigations 
of  certain  non-linear  effects  an  infrared  beam  does  not  compare  favorably  with  a  visible  beam.  A  third 
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point  of  view  recognizes  the  FEL  as  new  technology  and  at  this  time  it  must  be  regarded  as  an 
unproven  spectroscopic  tool. 

After  considering  the  attributes,  limitations,  and  cautionary  notes  listed  in  the  preceding  paragraph,  we 
feel  the  most  prudent  phase-one  FEL  applications  should  utilize  the  unique  capabilities  of  the  FEL, 
place  the  burden  of  detection  on  proven  spectroscopic  techniques,  and  not  place  excessive  demands  on 
the  reliability  and  stability  of  the  FEL.  Two-color  experiments  meet  these  guidelines  and  two  examples 
are  described  in  the  following  subsections. 

3.2.  Two-color  FEL  applications 

Recognizing  the  considerations  presented  in  subsection  3.1,  we  have  configured  the  FEL  as  a  "pump" 
beam  and  two  proven,  conventional  spectroscopic  techniques  as  possible  "probe"  beams.  The 
fundamental  limitation  of  infrared  detectors  has  been  circumvented;  the  pump-probe  schemes  to  be 
outlined  below  can  be  viewed  as  replacing  the  infrared  detector  with  either  a  Raman  or  FTIR 
spectrometer.  Our  experiments  both  take  advantage  of  the  unique  tunability  of  the  infrared  FEL  beam 
and  the  experimental  design  is  such  that  it  does  not  place  heavy  demands  on  FEL  performance. 

Using  two-color  techniques,  we  are  investigating  the  vibrational  dynamics  of  materials  and  biopolymers 
with  three  experimental  designs:  hole  burning  measurements  using  both  laser-Raman  and  FTIR 
spectrometers  as  probes  to  set  experimental  limits  on  the  lifetime  and  anharmonicity  of  vibrational 
modes  and  anti-Stokes  Raman  experiments  to  measure  intermolecular  and  intramolecular  energy 
transfer. 

3.2.1.  Applications  based  on  laser-Raman  spectroscopy 

The  first  class  of  two-color  experiments  uses  a  laser-Raman  spectroscopic  system  as  the  probe  beam. 
The  Raman  effect  is  due  to  inelastic  scattering  of  light  where  the  Stokes  and  anti-Stokes  features 
correspond  to  phonon  creation  and  annihilation,  respectively.  If  the  ratio  of  transition  energy  over 
thermal  energy  is  sufficiently  large,  the  "oscillator"  will  be  in  the  ground  state,  phonons  will  not  exist 
to  be  annihilated,  and  thus  there  will  be  no  thermal  contribution  to  the  anti-Stokes  spectrum.  More 
specifically,  the  ratio  of  the  anti-Stokes  to  Stokes  scattering  intensity  is  given  by: 

e  -hv/kT 
1  _€-*v/tr 

where  vG  is  the  transition  frequency  and  v  is  the  excitation  frequency  of  the  probe  laser.  For  example, 
at  room  temperature  a  vibrational  transition  at  1000  cm-1  probed  with  a  visible  excitation  frequency 
of  514  nm  has  an  anti-Stokes  to  Stokes  intensity  ratio  of  0.01.  Thus  under  appropriate  conditions  anti- 
Stokes  Raman  spectroscopy  can  serve  as  a  probe  for  nonequilibrium  contributions  to  vibrational  energy 
levels. 

For  our  experimental  setup  the  FEL  is  tuned  to  and  "pumps"  an  infrared-active  mode  of  the  system. 
This  results  in  a  non-equilibrium  energy  distribution,  i.e.  a  "hot"  mode  that  in  general  couples  to  other 
modes  with  varying  efficiencies  rendering  a  distribution  of  athermally  populated  modes.  A  second, 
visible  beam  from  a  conventional  laser  scatters  from  this  excited  system  and  the  scattered  light  is 
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collected  and  focused  on  the  input  slit  of  a  double  monochrometer,  effectively  probing  the  occupation 
numbers  of  Raman-active  vibrational  modes.  With  regards  to  choice  of  conventional  lasers, 
experiments  using  a  cw  laser  identify  pathways  for  energy  transfer;  experiments  using  a  picosecond 
pulsed  laser  will  establish  rates  of  energy  transfer. 

Laser-Raman  spectroscopy  has  added  advantages  for  biological  physics.  The  chronic  problem  of 
strongly  absorbing  water  bands  in  the  infrared  is  avoided  since  water  is  relatively  transparent  in  the 
visible  range.  Furthermore,  in  many  cases  sensitive  visible  array  detectors  can  be  used  avoiding  the 
tediously  long  measurements  typical  of  the  photon  counting  mode.  To  keep  experimental  run  times 
manageable,  however,  somewhat  concentrated  samples  may  still  be  required. 

3.2.2  Applications  based  on  FTIR  spectroscopy 

The  second  class  of  two-color  experiments  uses  an  FTIR  spectrometer  system  as  the  probe  beam.  FTIR 
spectroscopy  is  based  on  the  Michelson  effect  and  benefits  from  the  multiplex  advantage,  i.e. 
frequencies  throughout  a  broad  spectral  range  are  measured  simultaneously:  for  sufficient  integrated 
intensity  the  impact  of  the  relatively  poor  performance  of  infrared  detectors  is  significantly  reduced. 
In  this  class  of  experiments  the  FEL  is  used  as  the  pump  beam  to  "bum  holes"  in  spectral  lineshapes. 
Hole  burning  is  an  experimental  technique  that  modifies  a  normally  smooth  inhomogeneously 
broadened  absorption  line  to  elucidate  approximate  homogeneous  lineshapes  and  lifetimes.6  Condensed 
matter  is  subject  to  strains,  impurities,  and  other  imperfections  that  effect  a  distribution  of  local 
environments  and  thus  can  result  in  inhomogeneous  broadening  of  spectral  lines.  The  FEL  will  be  used 
to  bum  a  homogenous  line  within  the  inhomogeneous  envelope;  the  homogeneous  line  corresponds  to 
a  subpopulation  of  absorbers  that  experience  similar  local  environments.  In  some  cases  the  hole  can 
be  "persistent,"  i.e.  it  remains  evident  after  the  pump  beam  is  turned  off.  The  resulting  hole  renders 
information  concerning  mode  lifetimes  and  is  the  basis  for  models  of  energy  relaxation.  Similarly,  for 
modes  that  share  infrared  and  Raman  activity,  the  FEL  can  be  used  to  hole  bum  modes  that  are  probed 
with  a  laser-Raman  system. 

3.3.  Investigations  in  materials  science 

Our  research  group  is  primarily  interested  in  biopolymer  physics.  It  has  usually  been  our  experience 
that  the  condensed  matter  literature  contains  experimental  and  theoretical  accounts  that  have  served  as 
both  guidance  for  our  experimental  protocols  and  as  points  of  comparison  to  our  biophysical  results. 
However,  in  the  past  experimental  investigations  at  infrared  frequencies  have  been  limited  by  the  lack 
of  a  tunable  infrared  source.  The  continued  development  of  the  FEL  is  removing  this  limitation; 
consequently,  we  now  find  ourselves  with  experimental  capabilities  for  which  there  is  a  lack  of 
comparable  results  from  more  traditional  condensed  materials.  Naturally  we  view  this  development 
as  a  great  scientific  opportunity  and  in  response  have  expanded  our  research  program  to  include  more 
traditional  materials  with  the  goals  of  providing  both  fundamental  results  in  condensed  matter  physics 
and  leading  to  a  more  complete  understanding  of  vibrational  dynamics  in  biopolymer  systems. 

As  a  general  example  of  an  FEL  application  investigating  more  conventional  condensed  materials  we 
outline  collaborative  projects  with  Norman  Tolk  of  Vanderbilt  University  and  Enrigue  Silberman  and 
Don  Henderson  from  Fisk  University.  Energy  transfer  and  energy  relaxation  processes  for  molecular 
species  isolated  in  crystals  and  low-temperature  matrices  have  received  significant  experimental  and 
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theoretical  attention.  The  vibrational  dynamics  ol'  impurities  isolated  in  alkali  halides  have  been 
previously  investigated  indicating  both  a  fast  relaxation  between  vibrational  modes7  and  the  occurrence 
of  persistent  holes  in  inhomogenously  broadened  spectral  lines.1''  In  addition,  more  complicated  systems 
have  been  investigated.  For  example,  matrix  isolated  1 ,2-difluoroethane  exhibits  persistent  holes;9  to 
account  for  this  effect  it  has  been  proposed  that  pumping  the  system  at  low  power  leads  to  a  molecular 
reorientation  within  the  matrix  cage.  In  the  past,  experimental  progress  has  been  hindered  by  the 
requirement  that  the  spectral  lines  be  coincident  with  existing  infrared  sources.  Using  the  two-color 
techniques  described  above  we  will  take  advantage  of  the  tunability  of  the  FEL  to  further  elucidate  the 
mechanisms  for  energy  transfer  and  relaxation. 

3.4.  Investigations  in  biopolymer  physics 

Nucleic  acids  and  proteins  exhibit  a  number  of  vibrational  modes  in  the  infrared,10,11  as  listed  in  Table 
II.  A  subset  of  these  modes  are  known  to  be  sensitive  to  conformation  and  have  served  as  structural 
markers.12  In  addition,  specific  base  sequences  alter  the  local  structure  in  nucleic  acids,  as  do  specific 
amino  acid  sequences  in  proteins,  possibly  serving  as  a  mechanism  for  nucleic  acid-protein 
recognition.13  The  consensus  picture  is  that  biopolymers  are  conformationally  flexible  and  under 
certain  conditions  exhibit  a  range  of  local  conformations  and  local  environments.  This  structural 
variability  suggests  the  possibility  of  inhomogeneous  broadening  of  spectral  lines.6,14  In  fact,  FTIR 
measurements  have  identified  an  anomalous  spectral  feature  associated  with  the  sugar  ring  in  nucleic 
acids.  It  is  well  known  that  A-DNA  and  B-DNA  have  structurally  distinct  sugar  ring  conformations; 
we  have  identified  this  apparently  broadened  spectral  feature  as  a  candidate  mode  for  hole  burning 
experiments  and  this  serves  as  a  first  example  of  a  specific  FEL  application  in  biopolymer  physics. 

Any  biological  relevance  for  vibrational  modes  in  biopolymers  will  be  crucially  dependent  on  the  mode 
lifetimes.15  While  picosecond  CARS  measurements  have  set  limits  on  the  low-temperature  vibrational 
lifetimes  (picoseconds  to  5  nanoseconds)  of  amino  acids  and  peptides,16  this  technique  is  insensitive 
to  a  set  of  closely  spaced  vibrational  lines.17  The  FEL  provides  the  opportunity  to  carry  out  hole 
burning  experiments  with  the  aim  of  both  establishing  improved  limits  on  mode  lifetimes  and 
determining  the  mechanisms  for  energy  relaxation.  This  serves  as  a  second  example  of  an  FEL 
application  in  biopolymer  physics. 

Energy  transfer  of  excited  electronic  states  in  biopolymers  has  been  the  subject  of  intense  research  with 
a  number  of  experimental  and  theoretical  techniques;18  however,  the  limitations  of  conventional  infrared 
lasers  has  complicated  the  investigation  of  vibrational  energy  transfer.  The  FEL  overcomes  these 
limitations  of  conventional  infrared  sources  and  as  a  third  example  we  will  consider  the  role  of  anti- 
Stokes  Raman  spectroscopy  for  two-color  FEL  applications.  The  FEL  will  pump  a  specific  vibrational 
mode  of  the  biopolymers  into  a  non-equilibrium  energy  distribution  and  the  laser-Raman  spectroscopic 
system  will  probe  the  transfer  of  energy  to  other  modes  of  the  system.  Probing  with  a  cw  laser  will 
identify  pathways  for  energy  transfer;  probing  with  a  pulsed  picosecond  laser  will  establish  rates  of 
energy  transfer  for  a  given  energy  cascade. 
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Table  II:  Frequency  Range  of  Vibrational  Modes  in  liiopolymers 


Band-  Frequency  Range  Assignment 

_ (cm-ll _ (  microns') _ 


PROTEINS 


Amide  A 

3300 

3.0 

N-H 

Amide  B 

3100 

33 

N-H  (Fermi  resonance) 

Amide  I 

1650 

6.1 

C=0,  N-H,  C-N 

Amide  II 

1560 

6.4 

C-N,  N-H 

Amide  III 

1300 

7.7 

C-N,  N-H 

Amide  IV 

625 

16.0 

0=C-N 

Amide  V 

725 

133 

N-H 

Amide  VI 

600 

16.7 

c=o 

Amide  VII 

200 

50.0 

C-N 

NUCLEIC  ACIDS 

Base 

3300-3 600 

28-3.0 

N-H 

Sugar 

3300-3600 

28-3.0 

O-H 

Base 

3000-3100 

32-33 

C-H 

Sugar 

2800-3000 

33-3.6 

C-H 

Base 

1600-1750 

5.7-62 

C-O 

Base 

1550-1650 

6.1-63 

N-H 

Base 

1450-1550 

63-6.9 

ring 

Base 

1300-1460 

63-7.7 

C-H 

Sugar 

1300-1460 

6.8-7.7 

C-H 

Base 

1250-1450 

6.9  -8.0 

ring 

* 

Phosphate 

1225 

82 

P02 

Phosphate 

1080-1100 

9.1-93 

P02 

Sugar 

850-1100 

9.1-113 

C-O,  C-C 

Phosphate 

780-820 

122-128 

P02 

Sugar 

780-820 

122-123 

C-O,  C-C 

Base 

650-800 

123-15.4 

ring 

Base  and  Sugar 

300-650 

15.4-333 

skeletal 

polymer 

12-200 

50.0-833 

long  wavelength 
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4.  FUTURE  APPLICATIONS  OI  THE  VANDEKHILT  I  LL 


Now  that  we  are  moving  into  an  FEL  era  that  emphasizes  applications  research,  PEL  facilities  will  need 
to  respond  to  the  somewhat  diversified  demands  of  the  users  community.  The  staff  of  the  Vanderbilt 
FEL  Center  are  striving  to  achieve  a  highly  versatile  spectroscopic  laboratory  for  infrared  physics  with 
broad  applications  including  physical,  chemical,  engineering,  clinical,  and  biomedical  research.  Charles 
Brau,  the  Director  of  the  Vanderbilt  FEL  Center,  is  pursuing  ongoing  and  planned  developments  for 
the  FEL  which  have  recently  been  described  in  detail;3  for  completeness,  however,  we  include  a 
summary  of  these  developments.  Vanderbilt  has  an  active  developmental  program  to  Compton 
backscatter  FEL  laser  photons  off  the  FEL’s  electron  beam  to  achieve  tunable  X-rays  with  significant 
applications  for  radiology.  The  Center  also  plans  to  develop  a  tunable  far-infrared  source,  known  as 
a  Cerenkov  FEL,  which  will  be  operated  synchronously  with  the  conventional  infrared  FEL  allowing 
novel  two-color  FEL  applications.  For  time-resolved  spectroscopy  and  other  FEL  applications  shorter 
macropulses  or  even  single  micropulses  may  be  required.  Cavity  dumping  can  produce  macropulses 
of  the  order  of  10  nanosecond  duration;  single  micropulses  can  be  produced  when  a  photoelectric 
injector  or  pulse  chopper  is  used  in  conjunction  with  cavity  dumping.  Lasing  on  the  third  harmonic 
of  the  FEL  provides  photons  with  wavelengths  to  about  1  micron  and  photons  down  to  the  near 
ultraviolet  can  be  obtained  with  conventional  nonlinear  harmonic  generation  techniques.  Three 
techniques  have  been  identified  to  produce  micropulses  with  durations  less  than  2  ps:  chirping  the 
electron-beam  energy,  utilizing  the  synchrotron  instabilities,  and  implementing  nonlinear  optical  fibers 
and  a  dispersive  delay  line  will  provide  compressed  optical  pulses  throughout  the  wavelength  range 
provided  by  the  Vanderbilt  FEL.  The  reader  should  not  consider  this  listing  to  be  all  inclusive;  novel 
demands  from  users  will  challenge  the  ingenuity  of  the  of  the  Vanderbilt  FEL  community. 

5.  CONCLUDING  REMARKS 

We  are  developing  FEL  applications  to  investigate  hole  burning  and  energy  transfer  processes  in 
materials  and  to  apply  these  experimental  techniques  and  results  to  characterize  similar  relaxation 
processes  in  biopolymers.  It  should  be  emphasized  that  these  materials  and  biopolymers  are  not 
disparate  systems  linked  together  by  a  common  need  for  equipment.  Clearly  biopolymers  have  many 
more  internal  modes  and  in  nature  reside  in  a  more  complex  "host  matrix."  However,  excited 
vibrational  levels  of  both  biopolymers  and  materials  relax  via  intermolecular  and  intramolecular 
processes  for  energy  transfer;  while  the  detailed  mechanisms  may  be  system  specific,  the  systematic 
investigation  of  energy  transfer  is  not. 

The  research  program  described  in  this  paper  is  also  significant  from  an  instrumental  point  of  view. 
Both  materials  and  biopolymers  exhibit  a  large  number  of  vibrational  modes  in  the  infrared.  In  the  past 
it  has  been  difficult  to  achieve  coincidence  between  vibrational  eigenfrequencies  and  the  lines  of 
conventional  lasers,  complicating  and  to  an  extent  limiting  the  investigation  of  hole  burning  and  energy 
transfer  in  materials.  Current  FEL  technology  overcomes  this  limitation.  We  will  use  the  FEL  as  a 
tunable  pump  in  the  infrared  and  are  interfacing  conventional  instrumentation,  the  FTIR  and  laser- 
Raman  systems,  as  "probe  beams."  The  FEL  will  be  used  to  bum  infrared-active  modes  to  be  probed 
with  FTIR  spectroscopy  and  modes  that  have  mixed  infrared  and  Raman  activity  to  be  probed  with 
laser-Raman  spectroscopy.  Energy  transfer  will  be  measured  using  anti-Stokes  Raman  spectroscopy. 
These  two-color  techniques  extend  the  applications  of  FEL  laser  technology  in  a  manner  that  allows 
for  the  utilization  of  the  unique  capabilities  of  the  FEL,  place  the  burden  of  detection  on  proven 
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spectroscopic  techniques  that  circumvent  the  limitations  of  ini  rated  detectors,  and  do  not  place 
excessive  demands  on  the  reliability  and  stability  of  the  FHL. 
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ABSTRACT 


The  broad  background  of  scattered  light  observed  in  spectra 
of  cell  suspensions  is  reduced  by  factors  of  up  to  twenty  by 
immersion  ref ractometry  allowing  for  improved  spectroscopic 
determination  of  the  absorption  properties  of  cells  in  the  325  to 
820  nm  range.  Refractive-index  matched  spectra  of  E.coli  Cla 
exhibit  a  set  of  resonant  features  near  422,  561,  and  582  nm. 
Exposure  wavelengths  are  chosen  based  on  this  spectrum  and  cell 
viability  is  investigated  in  E.coli  suspensions  exposed  to  350, 
400,  422,  440,  and  700  nm  radiation  delivered  in  nanosecond 
pulses  with  total  doses  from  500  millijoules  to  60  Joules.  We 
observe  a  loss  in  cell  viability  for  doses  greater  than  1  Joule 
at  422  nm  and  for  all  doses  at  other  wavelengths;  exposures  of 
less  than  1  Joule  at  422  nm  enhance  growth.  Excluding  exposures 
at  wavelengths  within  the  resonant  feature,  longer  wavelengths 
are  less  effective  at  reducing  the  viability  of  E.coli  Cla.  This 
indicates  the  occurrence  of  at  least  two  absorption  processes. 


INTRODUCTION 

Recent  advances  in  laser  technology  have  resulted  in  broadly 
tunable  radiation  sources  in  the  ultraviolet,  visible,  and 
infrared  wavelength  ranges  with  pulsed  or  continuous  wave 
operation  (1,2).  These  sources  provide  a  wide  range  of 
wavelengths  and  pulse  lengths  for  investigating  laser  induced 
effects  in  biological  systems.  The  choice  of  wavelength  is  often 
strongly  influenced  by  the  absorption  characteristics  of  cells, 
tissues,  or  their  components,  which  in  principle  can  be  measured 
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with  standard  spectroscopic  techniques  (3).  In  many  cases, 
however,  the  spectroscopic  measurements  are  dominated  by 
scattered  light,  obscuring  the  absorption  spectra. 

In  general  terms,  the  mechanisms  for  the  absorption  of  light 
can  be  described  as  photochemical  or  photothermal  in  nature  and, 
in  some  cases,  result  in  significant  biological  effects  (4,5).  In 
the  past,  most  biomedical  applications  of  lasers  have  been 
attributed  to  photothermal  mechanisms  (6,7).  The  biomedical 
applications  of  broadly  tunable  and  pulsed  lasers  are  currently 
under  investigation  with  the  aim  of  developing  more  selective 
effects  based  on  photothermal  or  possibly  photochemical 
mechanisms.  A  systematic  investigation  of  the  effects  of  laser 
light  on  a  given  biological  system  will  be  based  on  knowledge  of 
the  absorption  characteristics  throughout  the  accessible 
wavelength  range.  It  must  be  recognized,  however,  that  while 
spectroscopic  analysis  identifies  mechanisms  for  depositing 
energy  into  a  biological  system,  it  is  not  necessarily  the  case 
that  these  mechanisms  will  result  in  biomedical  effects. 

Relative  to  x  rays,  which  generally  induce  major  damage  in 
molecular  structure,  UV  wavelengths  can  be  quite  selective  in 
their  interactions  with  biological  molecules.  It  has  become 
common  practice  to  view  the  300  nm  wavelength  as  the  demarcation 
between  far-UV  (<300  nm)  and  near-UV  (300-380  nm)  radiation  (4). 
The  far-UV  is  characterized  by  a  strong  absorption  by  nucleic 
acids  centered  near  260  nm  and  a  weaker,  but  still  significant, 
absorption  by  proteins  centered  near  280  nm.  Investigations  of 
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the  viability  of  E.coli  irradiated  with  near-UV  to  visible  (<550 
nm)  radiation  suggest  additional  absorption  bands  in  this 
wavelength  range  (8)  . 

In  this  study  we  develop  a  protocol  for  investigating  the 
effect  of  laser  light  on  the  viability  of  cells.  To  reduce  light 
^scattering  in  absorption  measurements  we  implement  the  technique 
of  immersion  ref ractometry  which  is  based  on  matching  the 
refractive  index  of  the  suspending  solution  to  that  of  the  cell 
membrane  (9) .  Guided  by  the  absorption  spectra  we  select  a  set 
of  wavelengths  for  laser  irradiation.  Cells  suspended  in  Luria 
broth  are  exposed  to  increasing  doses  of  nanosecond  pulses  of 
near  ultraviolet  and  visible  laser  light.  The  subsequent 
viability  of  the  cells  is  monitored  by  two  techniques,  plate 
counting  and  absorption  measurements  of  cell  cultures.  We  have 
chosen  E.coli  as  the  initial  system  for  investigation. 


MATERIALS  AND  METHODS 


Spectroscopy 

Measurements  of  the  optical  properties  of  cell  suspensions 
are  typically  obscured  by  a  dominant  background  of  scattered 
light.  Biological  applications  of  immersion  refractometry  reduce 
light  scattering  by  suspending  the  cells  in  a  protein  solution 
that  matches  the  refractive  index  of  the  cell  membrane  (9)  .  By 
varying  the  protein  content  of  the  suspending  solution,  one  can 
minimize  the  scatter  and  thus  optimize  the  determination  of  the 
absorption  spectra.  Bovine  serum  albumin  (BSA)  was  purchased 
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from  Sigma  Chemical  Company  and  initially  prepared  as  a  stock 
solution  of  45%  weight/volume  in  distilled  water.  The  solution 
was  manually  stirred  and  then  clarified  by  centrifuging  at  lOOOg 
for  30  minutes  and  had  a  refractive  index  of  greater  than  1.42. 
Refractive  indices  were  measured  with  a  Bausch  &  Lomb  Abbe-3L 
ref ractometer . 

E.coli  Cla  to  be  used  in  the  immersion  ref ractometry 
measurements  were  grown  overnight  in  Luria  broth  and  centrifuged 
for  five  minutes  at  10,000g.  The  pellets  of  wet  packed  cells 
(wpc)  were  resuspended  to  a  concentration  of  100  mg-wpc/ml.  The 
cell  suspension  was  diluted  1:9  with  BSA  solution  yielding  a 
concentration  of  10^8  cells/ml.  Absorbance  was  measured  with  a 
Milton  Roy  Spectronic  601  spectrophotometer. 

Spectra  of  optimally  index-matched  cells  were  taken  with  a 
Hewlett  Packard  8452  multidiode  array  spectrometer  with  2  nm 
resolution.  Some  of  the  spectra  reveal  artif actual  lines  due  to 
the  deuterium  source  (10) ;  these  lines  lie  near,  with  decreasing 
intensity,  656,  486,  and  580  nm.  The  residual  background  of 

scattered  light  was  modeled  with  the  function: 

A  =  C 

X 

where  A  is  the  absorbance,  /[  is  the  wavelength  of  light,  and  C 
and  p  are  parameters  to  be  fit  with  a  linear  least  squares 
algorithm.  The  scattering  background  was  subtracted  and  the 
remaining  resonant  features  were  modeled  with  Gaussian 
lineshapes. 
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Laser  Irradiation 


Laser  light  was  produced  by  a  Quantel  571C  Nd:YAG  pumped 
TDL50  dye  laser  system  with  doubling  crystals.  Pulses  of  6-8  ns 
duration  at  10  Hz  repetition  rate  had  an  energy  per  pulse  of 
approximately  3  mJ/pulse  as  determined  with  an  Ophir  30  AP 
calorimeter.  Bacteria  were  kept  on  ice  prior  to  and  after 
exposure,  but  during  exposure  were  at  room  temperature  in  20 
microliter  aliquots  in  a  microcentrifuge  tube.  The  laser  beam  is 
approximately  5  mm  in  diameter  and  the  sample  was  centered  in  the 
beam. 

Bacteriology 

E.coli  Cla  was  grown  to  the  stationary  phase  in  Luria  broth 
at  37  C  and  put  on  ice  for  laser  irradiation.  After  irradiation 
the  viability  of  the  exposed  and  control  cells  was  assayed  by  two 
techniques.  In  one  technique  growth  was  monitored  by  measuring 
the  absorbance  at  600  nm  at  20  minute  intervals.  The  log  phase 
of  the  growth  curve  was  fit  with  an  exponential  function  in  the 
standard  way  (11) ,  the  ratio  of  the  concentration  of  the  exposed 
cells  relative  to  the  control  cells  was  extrapolated  to  the  time 
of  exposure  to  yield  a  relative  initial  concentration.  The 
absorbance  method  is  susceptible  to  a  laser  induced  growth  delay 
being  misinterpreted  as  laser  induced  bacteriostasis,  i.e.  a 
significant  growth  delay  will  be  interpreted  as  an  erroneously 
large  reduction  in  the  number  of  viable  cells. 

The  other  technique  determines  cell  viability  by  counting 
colonies  on  agar  plates.  Although  this  technique  is  less  precise 
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than  absorption  measurements,  it  has  the  attribute  of  being  less 
sensitive  to  variations  in  growth  delay. 


RESULTS 

Absorption  spectra  for  E.coli  in  the  325  to  820  nm  range  are 
presented  in  Figure  1.  Figure  la  refers  to  E.coli  suspended  in 
saline  and  exhibits  a  broad  shoulder  near  350  nm  and  domination 
of  the  spectrum  by  scattered  light.  Figure  lb  presents  the 
absorption  spectrum  for  E.coli  suspended  in  the  BSA  solution  that 
optimally  matches  the  refractive  index,  as  shown  in  figure  2. 
Note  that  in  comparing  figures  la  and  lb,  the  index  matching 
reduces  the  light  scattering  background  by  a  factor  of  20  at  350 
nm. 


The  results  of  the  curve  fitting  are  presented  in  figure  3. 
The  residual  light  scattering  as  shown  in  figure  lb  is  modeled  in 
figure  3a  and  a  resonant  feature  centered  near  422  nm  is  evident. 
The  p  value  for  fitting  the  spectrum  shown  in  figure  la  is  2.11, 
in  agreement  with  earlier  work  (12).  For  the  index  matched 
solution,  the  p  value  reduces  to  1.67. 

In  light  of  these  spectroscopic  results,  we  selected  350, 
400,  422,  440,  and  700  nm  as  wavelengths  for  further  investiga¬ 
tion.  tRNA  (13),  flavins  (14,15),  cytochrome  (16),  and  NADH  (17) 
contribute  to  the  broad  absorption  near  350  nm.  In  addition, 
absorption  measurements  of  water  (18)  indicate  a  broad,  intense 
band  centered  at  terahertz  frequencies  that  also  contributes  to 
the  absorption  at  350  nm.  Absorption  measurements  of  Luria  broth 
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(data  not  shown)  reveal  no  resonant  features  in  this  frequency 
range.  The  intensity  pattern  of  the  422,  582  and  561  nra  features 
are  reminiscent  of  the  Soret,  e*  ,  and  ^  bands,  respectively, 
observed  in  porphyrin  complexes  (16,19);  422  ran  was  chosen  since 
it  corresponds  to  the  dominant  resonant  feature.  400  and  440  nm 
were  chosen  to  demarcate  the  resonant  feature.  700  nm  was  chosen 
as  a  nonresonant  wavelength  in  the  red.  Figure  4  presents  the 
percentage  kill  for  E.coli  exposed  to  increasing  doses  of 
radiation  at  these  wavelengths.  Figure  5  presents  the  percentage 
kill  at  a  dose  of  approximately  4  J  as  a  function  of  wavelength. 
With  the  exception  of  exposures  to  350  nm,  there  were  no 
significant  differences  between  plate  counting  and  absorption 
measurements  for  determining  cell  viability.  Exposures  to  350  nm 
indicate  a  radiation  induced  growth  delay  (5) .  Cells  exposed  to 
422  nm  radiation  did  repeatably  indicate  a  growth  enhancement  for 
doses  of  less  than  1  joule.  There  have  been  previous  reports  of 
stimulatory  effects  (20) . 

DISCUSSION 

As  shown  in  figures  1  and  2,  immersion  refractometry 
successfully  reduces  light  scattering  and  significantly  improves 
spectroscopic  measurements  of  the  absorption  properties  of  E.coli 
suspensions.  We  have  recently  extended  these  studies  to  other 
cell  lines  with  similar  success. 

With  regards  to  biological  effects  of  laser  irradiation  of 
E.coli,  the  cell  viability  studies  summarized  in  figures  4  and  5 
indicate  the  occurrence  of  at  least  two  absorption  processes. 
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More  specifically,  one  process  is  indicated  by  the  growth 
enhancement  due  to  low  doses  of  422  nm  radiation.  A  second 
process  is  indicated  at  larger  doses  where  increasing  dose 
corresponds  to  increasing  lethality  and,  excluding  the  422  nm 
data,  cell  viability  is  less  effectively  reduced  with  longer 
wavelength  radiation.  This  second  process  is  in  line  with 
conclusions  drawn  from  previously  observed  action  spectra  of  E. 
coli  where  nucleic  acids  have  been  assigned  as  the  principle 
chromophore  (4,5,8).  At  lower  doses  and  for  wavelengths  near  422 
nm,  however,  the  first  process  is  apparent  and  the  net  effect  on 
cell  viability  is  opposite  to  that  of  the  second  mechanism. 
Furthermore,  in  our  studies  with  the  nanosecond  pulsed  laser, 
lethality  is  achieved  at  significantly  lower  doses  than 
previously  reported  (4,5).  While  this  is  a  promising  observation 
for  future  biomedical  investigations,  the  results  discussed  above 
indicate  that  competing  processes  occur  for  irradiation  near  422 
nm  at  relatively  low  doses.  This  consideration  suggests  that 
caution  be  used  with  regards  to  biomedical  investigations  using 
wavelengths  near  the  Soret  band  of  porphyrin  complexes. 

In  conclusion,  we  have  reported  a  systematic  investigation 
of  the  wavelength  dependence  of  near  ultraviolet  and  visible 
radiation,  delivered  in  nanosecond  pulses,  on  the  growth  of 
E.coli  suspensions.  Exposure  wavelengths  were  chosen  based  on 
improved  spectroscopic  measurements  of  the  absorption  character¬ 
istics  of  cell  suspensions  where  the  technique  of  immersion 
refractometry  has  resulted  in  a  significant  reduction  in  the 
background  of  scattered  light  revealing  resonant  features  at  422, 
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582  and  561  nm.  We  observe  a  definite  wavelength  dependence  for 
the  effect  of  pulsed  laser  light  on  the  viability  of  ceJ Is  that 
can  be  reasonably  accounted  for  by  spectral  assignments  and 
suggests  at  least  two  absorption  processes.  This  experimental 
approach  should  be  of  general  utility  for  future  investigations 
of  the  effects  of  laser  light  on  cellular  systems. 
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FIGURE  LEGENDS 


Figure  1.  Absorption  spectra  of  E.coli  Cla:  a)  suspended  in 
saline  solution  exhibiting  a  shoulder  near  350  nra  and  a  broad 
scattering  background,  b)  suspended  in  the  BSA  solution  that 
optimally  matches  the  refractive  index  of  the  cell  membranes. 
Resonant  features  near  422,  582,  and  561  nm  are  revealed  due  to 

the  reduction  in  scattered  light.  Instrumental  features  occur 
near  488,  580,  and  656  nm  (see  text)  ;  however,  the  observed 

intensity  of  the  spectral  feature  at  582  nm  cannot  be  completely 
accounted  for  as  an  instrumental  line. 


Figure  2.  Optimization  of  refractive  index  of  suspending 
solution.  Absorption  of  cell  suspensions  measured  at  589  nm  as  a 
function  of  refractive  index  of  suspending  solution.  Refractive 
index  varies  with  BSA  concentration.  Minimum  absorption 
corresponds  to  optimally  matching  the  refractive  index  of  the 
suspending  solution  to  that  of  the  cell  membrane. 


Figure  3.  Curve  fitting  of  absorption  spectra.  Spectrum  shown 
in  figure  lb  is  fit  with  a  scattering  background  and  resonant 
feature:  a)  determination  of  power  law  of  scattering  background, 
b)  Gaussian  fit  of  resonant  feature  centered  at  422  nm. 
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Figure  4.  Wavelength  and  dose  dependence  on  percentage  kill  of 
E .  col  i ;  a)  exposures  to  350,  400,  422,  and  700  nm  radiation 
indicating  relative  effectiveness  at  reducing  cell  viability  as 
determined  by  absorbance  measurements  of  the  growth  kinetics  (see 
text),  b)  exposures  at  400,  422,  and  440  nm  indicating  growth 
enhancement  for  500  milli  joule  dose  of  422  nm  radiation  and 
reduction  in  cell  viability  for  larger  doses.  The  error  in 
determining  percentage  kill  is  approximately  11%. 


Figure  5.  Percentage  kill  at  a  dose  of  approximately  4  J  as  a 
function  of  irradiation  wavelength.  The  error  in  determining 
percentage  kill  is  approximately  11%. 
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Role  of  Counterions  in  the  Gigahertz  Relaxation  of  Wet  DNA 

Glenn  Edwards,  Guangtao  Ying,  and  Jerri  Tribble 
Department  of  Physics  and  Astronomy 
Ynndorbi  It  University 
Nashville,  Tennessee  37235 

ABSTRACT 

We  have  measured  the  dielectric  properties  of  concentrated 
solutions  and  gels  (<30  mg/ml)  of  random-sequenced  DNA  from 
E.coli  in  the  400  MHz  to  26  GHz  range.  Two  Debye-type  relax¬ 
ations  are  evident,  one  with  a  relaxation  time  near  9  ps  and 
attributable  to  the  classical  Debye  relaxation  of  water.  More 
noteworthy  is  a  second  relaxation  process  with  a  characteristic 
time  in  the  20  to  200  ps  range,  i.e.  a  relaxation  frequency  in 
the  0.8  to  8  GHz  range,  depending  upon  the  species  of  the 
counterions  and  the  temperature.  The  slower  relaxation  process 
has  an  enthalpy  of  3.3  kcal/mol  and  is  accounted  for  by  a 
counter-ion-based  relaxation  process.  These  experimental  results 
are  considered  in  terms  of  two  models  from  polyelectrolyte 
theory,  one  by  Oosawa  and  Wyllie  and  the  other  by  Manning,  and  we 
propose  that  different  ion-based  relaxation  mechanisms  dominate 
in  different  hydration  regimes. 


PACS  Numbers:  87.15-v,  77.40,  36.20 
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There  is  considerable  experimental  evidence  (1-8)  indicating  the 
occurrence  ol  iar-inlrared  ('2uu  cia-i)  viurarionul  modes  in 
nucleic  acids.  These  vibrational  or  phonon  modes  are 
characterized  by  m-phase  motion  extending  over  many  nucleotides 
and  it  is  believed  that  these  modes  mediate  structural 
transitions  and  may  serve  as  an  avenue  for  energy  transport.  Any 
biological  relevance  crucially  depends  on  the  lifetimes  of  these 
inodes.  Theoretical  models  (9-12)  give  a  general  description  of 
the  low-frequency  dynamics  of  nucleic  acids;  however,  a  detailed 
understanding  of  the  damping  mechanism(s)  governing  the  solvent- 
biopolymer  interface  is  lacking.  Previous  experimental 
investigations  have,  however,  made  progress  in  this  regard. 
Coupled-mode  theory  has  been  implemented  to  account  for  Raman  and 
Brillouin  investigations  of  DNA  gels  as  a  function  of  temperature 
(3)  and  hydration  (4)  where  the  damping  mechanism  was  attributed 
to  a  nucleic-acid-water  relaxation.  The  coupled-mode  theory 
produced  relaxation  times  in  the  gigahertz  frequency  range, 
indicating  that  dielectric  techniques  may  be  used  to  directly 
probe  the  relaxation  process (es).  Here  we  report  on  our 
experimental  investigation  of  the  dielectric  properties-  of  DNA. 

Vector  dielectric  measurements  were  carried  out  with  a  Hewlett 
Packard  8510  Network  Analyzer  where  a  coaxial  line  (13)  is 
terminated  at  the  surface  of  several  milliliters  of  either 
calibration  or  sample  solutions.  Accurate  determination  of  the 
permittivity  of  the  solutions  requires  a  calibration  model  (14) 
to  remove  the  effect  of  internal  reflections  inherent  to  the 
apparatus.  We  have  found  that  the  optimum  calibration  procedure 
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for  the  open-ended-coaxial-line  technique  is  based  on  the 
measurements  of  an  open  circuit  and  two  known  solutions  with  well 
characterized  salinity  and  temperature  (15);  the  dielectric 


properties  of  the  two  calibration  solutions  should  bracket  the 
dielectric  properties  of  the  sample.  To  analyze  the  permittivity 
data  we  have  modified  a  commercial  software  package  (LAB  CALC, 
Galactic  Industries)  based  on  the  Levenberg-Marquardt  method 
(16,8)  to  fit  the  permittivity  as  a  sum  of  Debye  relaxation 


processes  and  a  conductivity  term  (17): 
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where  2-  and  £  are  the  real  and  imaginary  parts  of  the  permitti¬ 


vity,  'Ti  and  A;  are  the  relaxation  time  and  the  dielectric 
increment  of  the  i  relaxation  process,  ^  is  the  infinite 
frequency  dielectric  constant,  (T  is  the  conductivity,  £ ^  is  the 
permittivity  of  free  space  and  UJ  is  the  angular  frequency.  To 
demonstrate  the  capabilities  of  both  the  experimental  technique 
and  the  data  analysis,  figure  one  presents  both  measurements  of  a 
known  saline  solution  and  the  results  of  fitting  the  data  with  a 
single  Debye  relaxation  process.  The  Debye  model  works 
remarkably  well  in  this  frequency  regime. 


NaDNA  from  calf  thymus,  with  a  wide  distribution  of  lengths,  was 
purchased  from  Sigma  Chemical  Company  (lot  109F9540).  The 
salting  of  the  sample  solutions  was  established  in  a  multi-step 
process.  First,  the  lyophilized  NaDNA  was  dissolved  in  100  mM 
NaCl,  LiCl,  KC1,  CsCl,  MgCl2,  or  CaCl2  solutions.  Two-and-one- 
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half  volumes  of  ethanol  were  added  and  the  DNA  was  precipitated 
at  -20  Celsius.  The  resulting  pellet  was  rodissoJ  vi.-u  j  n  t:ne 
appropriate  solution  and  this  process  was  repeated  to  complete 
the  salt  exchange.  The  final  pellet  was  dried  under  vacuum  and 
then  placed  in  a  solution  ranging  from  10  to  100  mM  salt  and  with 
DNA  concentrations  ranging  from  1  mg/ml  to  30  mg/ml,  resulting  in 
solutions  at  the  lower  concentrations  and  concentrated  gels  at 
the  higher  concentrations. 

Measurements  were  initially  made  in  the  400  MHz  to  26  GHz  range. 
It  soon  became  clear,  however,  that  no  new  information  was 
provided  at  the  higher  and  relatively  noisier  freguencies  and 
thus  the  experimental  frequency  range  was  limited  to  400  MHz  to 
10  GHz,  as  displayed  in  figures  one  and  two.  Figure  two  presents 


measurements 

and  curve 

fitting  results 

for  CaDNA 

at 

room 

temperature: 

this 

data 

is  optimally 

fit  with 

two 

Debye 

relaxations . 

Table 

one 

summarizes  the 

results  of 

the 

CaDNA 

measurement  and  of  similar  measurements  of  CsDNA,  KDNA,  LiDNA, 
MgDNA,  and  NaDNA,  which  uniformly  require  two  Debye  relaxation 
processes  to  fit  these  data.  In  general  terms,  these 

measurements  of  concentrated  DNA  gels  exhibit  a  dominant 
relaxation  process  with  a  relaxation  time  near  9  ps , 
characteristic  of  bulk  water  (18),  and  a  less  prominent 
relaxation  piocess  with  a  relaxation  time  in  the  20  to  200  ps 
range  depending  on  the  species  of  counterions  and  the 
temperature.  This  range  of  relaxation  times  corresponds  to  a 
relaxation  frequency  range  of  0.8  to  8  GHz.  Figure  three 
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presents  an  Arrhenius  plot  ot  KDNA  yielding  an  enthalpy  oi  3.3 
Real /mol . 

The  most  remarkable  feature  ot  these  data  is  the  occurrence  ot  a 

counterion-dependent  relaxation  process  with  a  relaxation  time  in 
the  20  to  200  ps  range.  With  regards  to  this  gigahertz 
relaxation  process,  the  LiDNA  and  MgDNA  data  are  fit  with  the 
shortest  relaxation  times,  CsDNA  and  KDNA  data  the  longest,  and 
the  CaDNA  and  NaDNA  data  exhibit  intermediate  relaxation  times 
(see  table  one). 

We  have  considered  these  experimental  results  in  terms  of  both 
the  theory  of  dielectrics  and  poly  trolyte  theory.  Frohlich 
(19)  has  shown  that  the  Debye  equations  follow  from  an 
exponential  decay  function  and  has  considered  several  models  for 
which  these  equations  hold.  For  an  ion-based  mechanism  the 
relevant  model  is  essentially  a  double-well  potential  where  the 
height  of  the  potential  barrier  is  given  by  the  enthalpy. 
Dielectric  theory,  however,  does  not  provide  a  detailed 
description  of  the  interaction  of  the  ions  with  their  local 
environment.  There  are  two  models  from  polyelectrolyte  theory 
that  address  the  local  environment  and  are  particularly  relevant 
to  these  results.  In  an  earlier  theory,  Oosawa  (20)  and  Wyllie 
(21)  modelled  the  dielectric  dispersion  in  linear 
polyelectrolytes  by  considering  the  thermal  fluctuations  of  bound 
counterions.  The  polyion  was  modelled  as  a  uniformly  charged 
rod,  the  counterions  were  modelled  as  a  dilute  solution,  and  the 
motion  was  confined  to  one  dimension.  The  theory  relates  the 
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relaxation  time  /|“  to  the  lluctuation  length  b,  the  counterion 
mobility  u,  and  the  temperature  1: 

'T  =  bS  /(  /T*  uk'l ) 

where  k  is  Boltzmann's  constant.  Oro  and  Grigera  (22)  have 
observed  a  1  ns  relaxation  process  corresponding  to  a  fluctuation 
length  of  11  angstroms  and  attribute  this  feature  to  "counterion 
fluctuations  on  short  sections,  probably  in  a  direction 
transverse  to  the  macromolecular  axis.”  Within  the  counterion- 
fluctuation  model,  the  20-200  ps  relaxation  times  observed  here 
correspond  to  fluctuation  lengths  in  the  1  to  5  angstrom  range. 
It  is  somewhat  intriguing  that  such  a  continuum  theory  yields  a 
length  scale  suggestive  of  a  raultiwell  potential  with  minima 
centered  on  the  phosphate  groups. 

Alternatively,  this  data  may  be  considered  in  light  of  Manning 
condensation  theory  (23,24).  This  theory  distinguishes  between 
counterions  in  direct  contact  with  phosphate  groups,  termed  "site 
bound"  ions,  and  counterions,  termed  "territorial  bound"  ions, 
which  form  a  Debye  screening  atmosphere  in  a  delocalized  cloud 
near  the  polyelectrolyte.  Manning  cites  extensive  experimental 
evidence  that  DNA  in  solution  is  dominated  by  territorial  bound 
ions  and  proposes  that  the  counterions  condense  in  a  concentrated 
cloud  of  counterions  forming  a  thin  cylindrical  shell  about  DNA. 
Manning  calculates  that  the  shell  has  a  counterion  concentration 
of  1.2  M  and  the  outer  surface  of  the  shell  is  17  angstroms  from 
the  symmetry  axis.  Futhermore,  DNA  is  stabilized  by  the 
formation  of  this  condensed  cloud  ai.^  the  enthalpy  change 
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associated  with  an  ion  moving  between  free  solvent  and  the 
condensed  cloud  is  calculated  to  be  3.2  kcal/mol,  in  favorable 
agreement  with  the  experimental  value  of  3.3  kcal/mol.  These 
considerations  suggest  a  relaxation  process  pictured  as  a  double 
well  potential  where  one  well  characterizes  free  ions  and  the 
other  condensed  ions.  This  dielectric  relaxation  is  spatially 
localized  about  the  outer  surface  of  Manning's  cylindrical  shell. 

As  pointed  out  in  the  introductory  paragraph,  coupled-mode 
analyses  of  Raman  and  Brillouin  measurements  (3,4)  indicate  the 
occurrence  of  gigahertz  relaxations  in  DNA  films  at  known 
relative  humidities.  The  dielectric  relaxations  have  been 
attributed  to  a  nucleic-acid-water  relaxation,  where  the  two 
observed  relaxation  times  near  40  and  2  picoseconds  correlate  to 
the  primary  and  secondary  hydration  shells,  respectively.  Can 
these  relaxations  be  attributed  to  a  nucleic-acid-ion  mechanism? 
Light  scattering  measurements  determine  an  enthalpy  of  about  5 
kcal/mol  which  compares  favorably  with  previous  measurements  of 
the  enthalpy  of  ATP  solutions  (25).  ATP  serves  as  a  model  system 
for  nucleic  acids  and  the  enthalpy  of  the  ATP  solutions  has  been 
accounted  for  in  terms  of  a  phosphate-ion  interaction  as 
summarized  by  Phillips  (26).  Such  an  ion-based  mechanism  may 
serve  as  an  alternative  explanation  of  the  relaxation  process 
indicated  by  the  coupled-mode-based  model  of  the  light  scattering 
data. 

The  experimental  results  and  theoretical  considerations  discussed 
above  suggest  the  possibility  that  different  relaxation 
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mechanisms  dominate  in  different  hydration  regimes.  We  propose 
that  at  high  water  content  a  condensed  cloud  terms  and  the 
dielectric  relaxation  is  dominated  by  ions  near  the  outer  surface 
of  the  cloud  while  at  lower  water  content  the  ions  associate  more 
intimately  with  DNA  and  the  dielectric  relaxation  is  dominated  by 
a  phosphate-counterion-based  mechanism. 

In  conclusion,  we  have  observed  two  Debye-type  relaxations  in 
dielectric  measurements  of  concentrated  DNA  gels  in  the  400  MHz 
to  26  GHz  range.  Of  most  interest  is  the  low-frequency  process 
with  relaxation  times  in  the  20  to  200  ps  range,  time  scales 
accessible  to  computational  models  of  DNA-solvent  interactions. 
This  process  is  dependent  on  counterion  species  and  concentra¬ 
tion,  indicating  that  a  counterion-dependent  relaxation  process 
occurs  at  gigahertz  frequencies.  Comparison  with  other 
experimental  results  suggest  the  occurrence  of  two  relaxation 
mechanisms ,  one  due  to  site-bound  ions  and  dominating  the  low- 
hydration  regime  and  the  other  involving  territorial-bound  ions 
and  dominating  the  highly  hydrated  regime.  These  results 
highlight  the  role  of  counterions  in  the  damping  mechanisms 
governing  the  DNA-solvent  interface. 
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TABLE  I.  Relaxation  times  tor  concentrated  DNA  gels  (near  25 
mg/ml)  at  room  temperature  as  determined  by  the  nonlinear  least- 
squares  fitting  of  the  permittivity  data  (see  text). 


Nucleic  Acid 

'fc  (PS) 

T  (P.s) 

CaDNA 

8.9 

117 

CsDNA 

9.0 

151 

KDNA 

8.9 

170 

Li  DNA 

9.2 

103 

MgDNA 

8.9 

96 

NaDNA 


8.6 


134 


Figure  1.  Permittivity  measurements  oi  and  curvefitting  results 
for  100  mM  NaCl  at  room  temperature.  The  real  (<£:')  and  imaginary 
(s")  parts  of  the  permittivity  as  measured  by  the  vector  network 
analyzer  are  presented.  These  data  are  fit  with  a  single  Debye 
relaxation  process  and  a  conductivity  term.  For  i^the  data  and 
fitted  curves  are  both  plotted  and  are  nearly  coincident, 
exhibiting  a  minor  mismatch  at  the  lowest  frequencies.  For 
both  the  Debye  relaxation  of  water  and  the  conductivity  curves 
are  shown,  and  the  sum  of  the  two  (plotted)  is  coincident  with 
the  data  curve  (also  plotted). 


Figure  2.  Measurement  of  the  imaginary  part  of  the  permittivity 
and  curvefitting  results  for  25  g/1  CaDNA  at  room  temperature. 
The  conductivity,  Debye  relaxation  of  water,  and  DNA-counterion 
relaxation  are  shown,  and  the  sum  of  the  three  (plotted)  is 
nearly  coincident  with  the  data  curve  (plotted). 


Figure  3.  Arrhenius  plot  of  30  g/1  KDNA. 
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Figure  Two 
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Far-Infrared  Vibrational  Modes  of  DNA 


C.  Liu  and  G.S.  Edwards 
Department  of  Physics  and  Astronomy 
Vanderbilt  University 

and 

S.  Morgan  and  E.  Silberman 
Department  of  Physics 
Fisk  University 

Nashville,  Tennessee 


Raman  and  infrared  activity  of  low-frequency  (20  to  300  cm-1) 
vibrational  modes  of  naturally  occurring  nucleic  acids  and 
polynucleotides  have  been  measured  (1,2).  Distinct  bands  are 
clearly  resolved  in  poly ( dA) . poly (dT)  but  are  only  weakly  seen  in 
other  sequences  of  both  DNA  and  P.NA .  These  results  are  discussed 
in  terms  of  inhomogeneous  line  broadening  of  vibrational  modes. 
These  experimental  results  are  well  described  by  lattice  dynamics 
(3,4).  Temperature  dependent  experiments  (1)  indicate  that  these 
modes  are  nonlinear  and  calculations  imply  that  they  may  play  an 
important  role  in  the  localized  "melting”  of  DNA  that  is  required 
for  transcription  and  translation. 

The  Vanderbilt  FEL  Center  has  recently  installed  a  Raman  laser 
system  with  enhanced  stray-light  rejection  and  throughput  that 
promises  improved  resolution  of  the  observed  bands  and  a  more 
thorough  investigation  of  the  line  broadening  process  is 
underway.  In  addition  to  the  investigation  of  Raman  activity, 
both  line  broadening  and  non-linear  processes  may  be  probed 

directly  by  intense,  far-infrared  sources  such  as  the  UC-Santa 
Barbara  FEL;  preliminary  experiments  have  been  performed  at  this 
facility. 

1.  J.W.  Powell,  G.S.  Edwards,  L.  Genzel,  F.  Kremer,  A.  Wittlin, 
W.  Kubasek,  and  W.  Peticolas,  Physical  Review  A  35,  3929  (1987). 

2.  C.  Liu,  G.S.  Edwards,  S.  Morgan,  and  E.  Silberman, 

submit  ted . 

3.  Y.  Kim  and  E.W.  Prohof sky ,  Physical  Review  B  36,  3449 

(1987)  . 

4.  L.  Young,  V.V.  Prabhu,  E.W.  Prohofsky,  and  G.S.  Edwards, 

submi tied. 
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Pulsed-UV  Induced  Phc  toch--::  i  s  '  ry  of 
RMA-Prot e in  Complexes 

J.  Kozub  and  G.S.  Edwards 
Department  of  Physics  and  Astronomy 

and 

S.  IJor thingtor.  and  W.  LeStourgeon 
Department  of  Molecular  Biology 

Vanderbilt  University 
Nashville,  Tennessee 

It  has  recently  been  shown  by  Von  Hippel  and  coworkers  that 
nanosecond  pulses  of  UV  radiation  can  crosslink  nucleic  acids  to 
proteins  in  a  selective  and  wavelength  dependent  manner.  In 
addition,  it  is  well  known  that  uv  radiation  can  cause  pyrimidine 
dimers.  We  have  used  a  nanosecond  Nd :  YAG  pumped  aye-laser  system, 
with  doubling  and  nixing  crystals  to  generate  8  ns  pulses  of  263 
nm  radiation  to  investigate  dimer  formation  in  RNA  and  RNA- 
proteir.  crosslinking  in  hnRNP,  the  RIJA-protein  complex  that  may 
play  a  role  in  post-transcriptional  processing.  We  conclude  that; 
i)  the  energy  required  for  uv  damage  to  RNA  is  the  same  energy- 
required  to  crosslink  the  C  proteins  of  hnRNP.  The  events  can  be 
detected  at  7  millijoules  of  UV  irradiation.  ii)  C  proteins 

specifically  crosslink  to  RNA  through  uridine;  and  iii)  UV  light- 
induced  site-specific  termination  of  reverse  transcription  is  due 
to  uridine  damage  especially  at  sites  with  the  potential  to  form 
pyrimidine  dimers,  i.e.  UU  >  UC  >  C. 

These  studies  imply  that  the  mechanism  of  UV-induced  protein- 
nucleic  acid  crosslinking  is  largely  dependent  on  the 
photochemistry  of  specific  nucleotides  and  on  the  nature  of  the 
protein-RNA  interaction.  Currently  we  are  studying  the  effect  of 
wavelength  on  the  selectivity  of  induced  crosslink  and  have 
evidence  that  suggests  at  least  two  crosslinking  mechanisms  are 
available.  We  plan  to  extend  these  results  to  investigate  the 
possibility  that  different  mechanisms  will  be  optimized  for 
picosecond  pulses  as  available  from  the  FEL  being  installed  at 
Vanderbilt  University. 
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Vanderbilt  University  Free  Electron  Laser  Project  for  Biomedical  and  Material 
Research.  Contract  NOO14-87-C-0146.  October  1987  to  December  1990. 

Nonthermal  and  selective  effects  of  Free  Electron  Laser  irradiation 
of  tissue.  Robert  Ossoff,  M.D.,  David  L.  Zealear,  Ph.D.,  Debra  Gonzalez,  M.D.  and  Jerri 
Tribble,  M.S.  Department  of  Otolaryngology,  Vanderbilt  University  Med  Center,  Nashville,  TN. 

Our  ongoing  and  planned  research  efforts  encompass  several  diverse  projects.  These  come 
together  under  a  common  theme:  an  investigation  of  the  laser’s  potential  to  affect  biological  tissue 
in  selective  and  nonthermal  ways. 

Investigations  into  the  area  of  laser  tissue  interactions  have  focused  primarily  on  the 
problem  of  wound  healing.  We  have  used,  arid  continue  to  use,  a  tri-level  approach  which 
involves  experimentation  on  the  whole  animal  (macroscopic),  cellular  (microscopic),  and  molecular 
levels.  We  have  been  active  in  defining  the  effect  of  laser  wavelength,  power  and  pulse  structure 
on  various  aspects  of  the  wound  healing  process.  With  this  approach,  we  hope  to  refine  the  laser 
as  an  ablative  and  biostimulating  instrument 

Our  approach  to  the  study  of  selective  laser  effects  has  begun  with  an  investigation  of  the 
spectral  properties  of  whole  cells,  subcellular  organelles  and  macromolecules,  and  the  extracellular 
matrix.  Spectrophotometric  analysis  has  allowed  us  to  identify  particular  tissue  chromophores 
with  characteristic  absorption  peak  profiles.  The  transfer  of  laser  energy  can  be  largely  restricted 
to  a  particular  chromophore,  if  the  laser  is  tuned  to  match  a  distinguishing  peak  within  the 
chromophore's  spectral  fingerprint.  For  example,  in  a  study  of  laser  bacteriostasis,  enhanced  kill , 
of  Ecoli  was  demonstrated  if  the  laser  (Nanosecond  Nd-YAG  pumped  tunable  dye)  was  tuned  ro 
one  of  the  two  distinguishing  absorption  peaks  for  Ecoli.  The  broad  and  continuously  tunable 
features  of  the  FEL  will  provide  greater  flexibility  in  targetting  specific  chromophores,  in  particular 
those  possessing  absorption  peaks  outside  the  range  of  conventional  lasers. 

Our  interest  in  laser  tissue  ablation  extends  to  deriving  methods  for  the  clean  dissection  and 
removal  of  diseased  tissue  while  eliminating  lateral  thermal  damage  to  healthy  tissues.  In  theory, 
this  may  be  achieved  by  using  laser  energy  of  the  appropriate  wavelength  with  minimal  pulse 
duration  for  the  diffusion  of  thermal  energy.  The  effect  of  various  irradiation  paradigms  on  the 
degree  of  tissue  ablation  and  wound  healing  over  time  is  being  investigated  using  conventional  as 
well  as  short  pulsed  lasers  (eg.,  excimer  and  tunable  dye  lasers  capable  of  delivering  nano  or 
picosecond  pulses).  In  a  study  of  pulsed  versus  continous  carbon  dioxide  laser  irradiation  of 
tissue,  crater  profiles  (e.g.  depth,  width)  varied  in  a  manner  consistent  with  less  nonspecific 
thermal  damage  resulting  from  pulsed  irradiation.  Laser  paradigms  found  to  minimize  thermal 
tissue  damage  with  these  conventional  lasers  will  guide  our  search  for  purely  nonthermal  tissue 
interactions  with  the  FEL,  clearly  the  best  technology  available  for  achieving  this  type  of 
interaction. 

Within  the  last  ten  years  there  have  been  numerous  reports  of  the  biostimulating  effects  of 
laser  irradiation.  Biostimulating  effects  are  defined  as  nondestructive  interactions  which  alter  the 
structure  and  function  of  cells  or  extracellular  matrix.  Our  own  work  has  focused  on  the  effect  of 
sublethal  laser  irradiation  on  aspects  of  the  wound  healing  process.  These  include:  collagen 
synthesis,  elastin  synthesis,  overall  protein  synthesis,  fibroblast  proliferation  and  wound  tensde 
strength.  Studies  have  been  conducted  at  all  three  levels  of  investigation  in  our  laboratory.  At  the 
macroscopic  level,  rat  wounds  withstood  greater  breaking  tensions  when  exposed  to  sublethal 
laser  irradiation.  One  possible  explanation  was  increased  collagen  deposition  in  wounds  as  a  result 
of  laser  biostimulation  of  protein  synthesis  by  fibroblast  cells.  This  biostimulating  effect  on 
fibroblasts  has  been  demonstrated  in  our  laboratory  at  the  microscopic  level  (i.e. tissue  culture)  as 
revealed  by  polyacrylamide  gel  electrophoretic  patterns.  Preliminary  studies  at  the  molecular  level 
in  our  laborabory  have  suggested  that  laser  induced  cross  linking  of  ribosomal  RNA  may  be  the 
mechanism  underlying  the  biostimulating  effect.  Using  sublethal  FEL  doses  at  the  appropriate 
wavelength  we  hope  to  develop  the  technology  to  change  the  behavior  of  cells  in  ways  that  would 
be  clinically  relevant  and  beneficial. 


TS>  B- 
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MECHANISMS  OF  LASER-TISSUE  INTERACTION  AND  CLINICAL  APPLICATIONS 

Glenn  Edwards,  Robert  Ossoff,  A1  Ali,  John  Kozub,  and  Changle  Liu 
Progress  Report,  May  1988 

As  stated  in  the  original  proposal  "the  theme  of  this 
project  is  the  targeting  of  electromagnetic  energy  into  diseased 
tissue,  with  an  emphasis  on  selective  laser-tissue  interactions 
matched  to  cellular  characteristics  that  are  unique  to  the 
diseased  tissue.  In  order  to  establish  selective  methods  of 
interaction,  the  first  goal  of  the  project  is  to  characterize  the 
frequency  specific  mechanisms  of  absorption  by  DNA ,  proteins,  and 
lipids  as  a  function  of  intensity  and  pulse  duration.  The  second 
goal  is  to  determine  the  lifetimes  of  the  various  excited  states; 
this  information  will  suggest  parameters  for  ultrafast  pulses 
that  will  maximize  the  nonthermal  relative  to  the  thermal  effect. 
The  third  goal  of  this  project  is  to  refine  these  pulse 
parameters  to  optimize  selective  tissue  interaction  and  thus 
produce  the  desired  clinical  effect." 

During  the  past  year  we  have  undertaken  a  number  of  steps  to 
initiate  this  research  effort:  the  steps  include  assembling 

qualified  personnel,  developing  a  number  of  spectroscopic  systems 
for  pre-FEL  and  dual-beam  FEL  experiments,  initiating  pre-FEL 
experiments  at  Vanderbilt,  and  performing  experiments  at  existing 
FEL  centers.  Progress  for  each  of  these  steps  will  be  addressed 


below. 


Personnel .  This  research  effort  calls  for  interdisciplinary 


expertise  and  cooperation.  Towards  this  end  we  have  added  a 
number  of  collaborators  to  the  original  investigators.  Two 
graduate  students  in  the  Department  of  Physics  and  Astronomy  are 
supported  as  research  assistants  by  the  contract  and  are  working 
with  Professor  Edwards  on  problems  that  will  evolve  into  their 
dissertation  topics.  Both  of  these  students  came  to  Vanderbilt 
to  work  in  this  research  area.  John  Kozub  has  just  finished  his 
first  year  and  is  investigating  the  manner  in  which 
electromagnetic  radiation  interrupts  the  natural  interaction  of 
biopolymer  systems.  It  is  worthwhile  to  point  out  that  John  has 

been  quite  successful  during  his  first  year  and  has  recently  been 
nominated  by  the  Graduate  Program  Committee  to  receive 

Vanderbilt's  Lagemann  Award  presented  to  "the  most  promising 
entering  or  first-year  graduate  student  in  the  Department  of 
Physics  and  Astronomy."  The  other  student  is  Changle  Liu,  an 
advanced  graduate  student,  who  left  Purdue  University  to  take 
advantage  of  Vanderbilt's  graduate  program  in  experimental 
biophysics.  Changle  joined  the  department  only  four  months  ago 
and  is  investigating  the  effect  of  pulsed  radiation  on  biopolymer 
systems.  In  addition  to  these  physics  graduate  students,  A1  Ali 
is  a  medical  doctor  working  for  Dr.  Ossoff  and  in  close 
collaboration  with  the  physicists  in  developing  protocols  for 
laser-tissue  interaction. 

Equipment .  During  the  past  year  we  have  exerted  a 
significant  effort  to  develop  two  different  spectroscopic 
systems.  One  of  these  systems  is  the  Hewlett  Packard  8510 


Network  Analyzer.  We  have  modified  this  spectrometer  to  allow  an 
alternative  calibration  scheme  that  greatly  enhances 
reproducibility  and  yields  high  precision  measurements  of 
biological  solutions  and  tissue.  This  project  required 
significant  software/hardware  development.  For  the  past  three 
months  we  have  been  measuring  biopolymer  solutions  and  cellular 
suspensions  with  good  preliminary  results.  The  second  radiation 
source  is  a  Quantel  NdrYAG  pumped  dye  laser  system  that  is  to  be 
used  as  a  nanosecond  or  picosecond  laser  for  both  pre-FEL  and 
dual-beam  FEL  experiments.  Currently  this  laser  is  being 
integrated  into  a  complete  spectroscopic  system  for  biophysical 
research.  The  laser  arrived  only  a  month  ago  and  is  currently 
operating  at  specification  and  is  being  modified  for  lasing  in  an 
extended  wavelength  regime. 

In  order  to  produce  and  characterize  biopolymer  samples  we 
have  developed  a  nearly  complete  laboratory  of  molecular  biology 
in  the  first  floor  of  the  Department  of  Physics  and  Astronomy. 
Since  early  this  spring  we  have  been  producing  large  quantities 
of  purified  DNA  samples  for  spectroscopic  investigation. 

Pre-FEL  Experiments.  As  mentioned  above  we  have  performed  a 
number  of  preliminary  experiments  investigating  the  fundamental 
mechanisms  of  laser-tissue  interaction.  We  have  measured  the 
infrared  absorption  properties  of  DNA  which  is  an  essential  step 
in  the  series  of  experiments  that  will  determine  the  lifetime  of 
the  various  excitations.  In  addition,  we  have  measured  the 
ultraviolet  scattering  and  absorption  properties  of  cell 
suspensions  with  intriguing  results  in  laser  induced  cell  death. 


During  the  summer  we  will  extend  these  measurements  beyond  the 
preliminary  stages. 

During  the  summer  we  will  begin  a  series  of  experiments 
investigating  the  effect  of  pulsed  radiation  of  DNA  protein 
interactions.  We  will  monitor  the  effect  of  radiation  induced 
changes  on  the  cell  and  related  clinical  applications. 

FEL  Experiments.  During  the  past  year  we  have  been  planning 
a  series  of  experiments  for  the  far-infrared  FEL  at  the 
University  of  California,  Santa  Barbara.  The  pulsed  nature  of 
the  UCSB  FEL,  as  enhanced  by  switching  techniques,  will  be  used 
to  measure  the  homogenous  and  inhomogeneous  nature  of  the 
broadening  of  DNA  features  in  the  infrared.  This  will  allow  us 
to  determine  the  lifetime  of  these  modes.  Although  a  minimum 
lifetime  has  been  determined  by  cw  experiments,  a  more  accurate 
estimate  of  the  lifetime  is  necessary  in  order  to  design  an 
exposure  protocol  that  will  optimize  the  resonant  effect. 
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ABSTRACT 


The  broad  background  of  scattered  light  observed  in  spectra 
of  cell  suspensions  is  reduced  by  factors  of  up  to  twenty  by 
immersion  refractometry  allowing  for  improved  spectroscopic 
determination  of  the  absorption  properties  of  cells  in  the  325  to 
820  nm  range.  Refractive-index  matched  spectra  of  E.coli  Cla 
exhibit  a  set  of  resonant  features  near  422,  561,  and  582  nm. 
Exposure  wavelengths  are  chosen  based  on  this  spectrum  and  cell 
viability  is  investigated  in  E.coli  suspensions  exposed  to  350, 
400,  422,  440,  and  700  nm  radiation  delivered  in  nanosecond 
pulses  with  total  doses  from  500  millijoules  to  60  Joules.  We 
observe  a  loss  in  cell  viability  for  doses  greater  than  1  Joule 
at  422  nm  and  for  all  doses  at  other  wavelengths;  exposures  of 
less  than  1  Joule  at  422  nm  enhance  growth.  Excluding  exposures 
at  wavelengths  within  the  resonant  feature,  longer  wavelengths 
are  less  effective  at  reducing  the  viability  of  E.coli  Cla.  This 
indicates  the  occurrence  of  at  least  two  absorption  processes. 


INTRODUCTION 

Recent  advances  in  laser  technology  have  resulted  in  broadly 
tunable  radiation  sources  in  the  ultraviolet,  visible,  and 
infrared  wavelength  ranges  with  pulsed  or  continuous  wave 
operation  (1,2).  These  sources  provide  a  wide  range  of 
wavelengths  and  pulse  lengths  for  investigating  laser  induced 
effects  in  biological  systems.  The  choice  of  wavelength  is  often 
strongly  influenced  by  the  absorption  characteristic:  of  cells, 
tissues,  or  their  components,  which  in  principle  can  be  measured 
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with  standard  spectroscopic  techniques  (3)  .  In  many  cases, 
however,  the  spectroscopic  measurements  are  dominated  by 
scattered  light,  obscuring  the  absorption  spectra. 

In  general  terms,  the  mechanisms  for  the  absorption  of  light 
can  be  described  as  photochemical  or  photothermal  in  nature  and, 
in  some  cases,  result  in  significant  biological  effects  (4,5).  In 
the  past,  most  biomedical  applications  of  lasers  have  been 
attributed  to  photothermal  mechanisms  (6,7).  The  biomedical 
applications  of  broadly  tunable  and  pulsed  lasers  are  currently 
under  investigation  with  the  aim  of  developing  more  selective 
effects  based  on  photothermal  or  possibly  photochemical 
mechanisms.  A  systematic  investigation  of  the  effects  of  laser 
light  on  a  given  biological  system  will  be  based  on  knowledge  of 
the  absorption  characteristics  throughout  the  accessible 
wavelength  range.  It  must  be  recognized,  however,  that  while 
spectroscopic  analysis  identifies  mechanisms  for  depositing 
energy  into  a  biological  system,  it  is  not  necessarily  the  case 
that  these  mechanisms  will  result  in  biomedical  effects. 

Relative  to  x  rays,  which  generally  induce  major  damage  in 
molecular  structure,  UV  wavelengths  can  be  quite  selective  in 
their  interactions  with  biological  molecules.  It  has  become 
common  practice  to  view  the  300  nm  wavelength  as  the  demarcation 
between  far-UV  (<300  nm)  and  near-UV  (300-380  nm)  radiation  (4)  . 
The  far-UV  is  characterized  by  a  strong  absorption  by  nucleic 
acids  centered  near  260  nm  and  a  weaker,  but  still  significant, 
absorption  by  proteins  centered  near  280  nm.  Investigations  of 
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the  viability  of  E.coli  irradiated  with  near-UV  to  visible  (<550 
ran)  radiation  suggest  additional  absorption  bands  in  this 
wavelength  range  (8)  . 

In  this  study  we  develop  a  protocol  for  investigating  the 
effect  of  laser  light  on  the  viability  of  cells.  To  reduce  light 
scattering  in  absorption  measurements  we  implement  the  technique 
of  immersion  refractometry  which  is  based  on  matching  the 
refractive  index  of  the  suspending  solution  to  that  of  the  cell 
membrane  (9)  .  Guided  by  the  absorption  spectra  we  select  a  set 
of  wavelengths  for  laser  irradiation.  Cells  suspended  in  Luria 
broth  are  exposed  to  increasing  doses  of  nanosecond  pulses  of 
near  ultraviolet  and  visible  laser  light.  The  subsequent 
viability  of  the  cells  is  monitored  by  two  techniques,  plate 
counting  and  absorption  measurements  of  cell  cultures.  We  have 
chosen  E.coli  as  the  initial  system  for  investigation. 


MATERIALS  AND  METHODS 


Spectroscopy 

Measurements  of  the  optical  properties  of  cell  suspensions 
are  typically  obscured  by  a  dominant  background  of  scattered 
light.  Biological  applications  of  immersion  refractometry  reduce 
light  scattering  by  suspending  the  cells  in  a  protein  solution 
that  matches  the  refractive  index  of  the  cell  membrane  (9)  .  By 
varying  the  protein  content  of  the  suspending  solution,  one  can 
minimize  the  scatter  and  thus  optimize  the  determination  of  the 
absorption  spectra.  Bovine  serum  albumin  (BSA)  was  purchased 
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from  Sigma  Chemical  Company  and  initially  prepared  as  a  stock 
solution  of  45%  weight/volume  in  distilled  water.  The  solution 
was  manually  stirred  and  then  clarified  by  centrifuging  at  lOOOg 
for  30  minutes  and  had  a  refractive  index  of  greater  than  1.42. 
Refractive  indices  were  measured  with  a  Bausch  &  Lomb  Abbe-3L 
ref ractometer . 

E.coli  Cla  to  be  used  in  the  immersion  ref ractometry 
measurements  were  grown  overnight  in  Luria  broth  and  centrifuged 
for  five  minutes  at  10,000g.  The  pellets  of  wet  packed  cells 
(wpc)  were  resuspended  to  a  concentration  of  100  mg-wpc/ml.  The 
cell  suspension  was  diluted  1:9  with  BSA  solution  yielding  a 
concentration  of  10A8  cells/ml.  Absorbance  was  measured  with  a 
Milton  Roy  Spectronic  601  spectrophotometer. 

Spectra  of  optimally  index-matched  cells  were  taken  with  a 
Hewlett  Packard  8452  multidiode  array  spectrometer  with  2  nm 
resolution.  Some  of  the  spectra  reveal  artif actual  lines  due  to 
the  deuterium  source  (10) ;  these  lines  lie  near,  with  decreasing 
intensity,  656,  486,  and  580  nm.  The  residual  background  of 
scattered  light  was  modeled  with  the  function: 

A  =  C_ 

X 

where  A  is  the  absorbance,  /\  is  the  wavelength  of  light,  and  C 
and  p  are  parameters  to  be  fit  with  a  linear  least  squares 
algorithm.  The  scattering  background  was  subtracted  and  the 
remaining  resonant  features  were  modeled  with  Gaussian 
lineshapes . 
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Laser  Irradiation 


Laser  light  was  produced  by  a  Quantel  57 1C  NdrYAG  pumped 
TDL50  dye  laser  system  with  doubling  crystals.  Pulses  of  6-8  ns 
duration  at  10  Hz  repetition  rate  had  an  energy  per  pulse  of 
approximately  3  mJ/pulse  as  determined  with  an  Ophir  30  AP 
calorimeter.  Bacteria  were  kept  on  ice  prior  to  and  after 
exposure,  but  during  exposure  were  at  room  temperature  in  20 
microliter  aliquots  in  a  microcentrifuge  tube.  The  laser  beam  is 
approximately  5  mm  in  diameter  and  the  sample  was  centered  in  the 
beam. 

Bacteriology 

E.coli  Cla  was  grown  to  the  stationary  phase  in  Luria  broth 
at  37  C  and  put  on  ice  for  laser  irradiation.  After  irradiation 
the  viability  of  the  exposed  and  control  cells  was  assayed  by  two 
techniques.  In  one  technique  growth  was  monitored  by  measuring 
the  absorbance  at  600  nm  at  20  minute  intervals.  The  log  phase 
of  the  growth  curve  was  fit  with  an  exponential  function  in  the 
standard  way  (11) ,  the  ratio  of  the  concentration  of  the  exposed 
cells  relative  to  the  control  cells  was  extrapolated  to  the  time 
of  exposure  to  yield  a  relative  initial  concentration.  The 
absorbance  method  is  susceptible  to  a  laser  induced  growth  delay 
being  misinterpreted  as  laser  induced  bacteriostasis,  i.e.  a 
significant  growth  delay  will  be  interpreted  as  an  erroneously 
large  reduction  in  the  number  of  viable  cells. 

The  other  technique  determines  cell  viability  by  counting 
colonies  on  agar  plates.  Although  this  technique  is  less  precise 
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than  absorption  measurements,  it  has  the  attribute  of  being  less 
sensitive  to  variations  in  growth  delay. 

RESULTS 

Absorption  spectra  for  E.coli  in  the  325  to  820  ran  range  are 
presented  in  Figure  1.  Figure  la  refers  to  E.coli  suspended  in 
saline  and  exhibits  a  broad  shoulder  near  350  nm  and  domination 
of  the  spectrum  by  scattered  light.  Figure  lb  presents  the 
absorption  spectrum  for  E.coli  suspended  in  the  BSA  solution  that 
optimally  matches  the  refractive  index,  as  shown  in  figure  2. 
Note  that  in  comparing  figures  la  and  lb,  the  index  matching 
reduces  the  light  scattering  background  by  a  factor  of  20  at  350 
nm. 


The  results  of  the  curve  fitting  are  presented  in  figure  3. 
The  residual  light  scattering  as  shown  in  figure  lb  is  modeled  in 
figure  3a  and  a  resonant  feature  centered  near  422  nm  is  evident. 
The  p  value  for  fitting  the  spectrum  shown  in  figure  la  is  2.11, 
in  agreement  with  earlier  work  (12)  .  For  the  index  matched 
solution,  the  p  value  reduces  to  1.67. 

In  light  of  these  spectroscopic  results,  we  selected  350, 
400,  422,  440,  and  700  nm  as  wavelengths  for  further  investiga¬ 
tion.  tRNA  (13),  flavins  (14,15),  cytochrome  (16),  and  NADH  (17) 
contribute  to  the  broad  absorption  near  350  nm.  In  addition, 
absorption  measurements  of  water  (18)  indicate  a  broad,  intense 
band  centered  at  terahertz  frequencies  that  also  contributes  to 
the  absorption  at  350  nm.  Absorption  measurements  of  Luria  broth 
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(data  not  shown)  reveal  no  resonant  features  in  this  frequency 
range.  The  intensity  pattern  of  the  422,  582  and  561  nm  features 
are  reminiscent  of  the  Soret,  <=<  ,  and  p  bands,  respectively, 
observed  in  porphyrin  complexes  (16,19);  422  nm  was  chosen  since 
it  corresponds  to  the  dominant  resonant  feature.  400  and  440  nm 
were  chosen  to  demarcate  the  resonant  feature.  700  nm  was  chosen 
as  a  nonresonant  wavelength  in  the  red.  Figure  4  presents  the 
percentage  kill  for  E.coli  exposed  to  increasing  doses  of 
radiation  at  these  wavelengths.  Figure  5  presents  the  percentage 
kill  at  a  dose  of  approximately  4  J  as  a  function  of  wavelength. 
With  the  exception  of  exposures  to  350  nm,  there  were  no 
significant  differences  between  plate  counting  and  absorption 
measurements  for  determining  cell  viability.  Exposures  to  350  nm 
indicate  a  radiation  induced  growth  delay  (5) .  Cells  exposed  to 
422  nm  radiation  did  repeatably  indicate  a  growth  enhancement  for 
doses  of  less  than  1  joule.  There  have  been  previous  reports  of 
stimulatory  effects  (20)  . 

DISCUSSION 

As  shown  in  figures  1,  and  2,  immersion  refractometry 
successfully  reduces  light  scattering  and  significantly  improves 
spectroscopic  measurements  of  the  absorption  properties  of  E.coli 
suspensions.  We  have  recently  extended  these  studies  to  other 
cell  lines  with  similar  success. 

With  regards  to  biological  effects  of  laser  irradiation  of 
E.coli,  the  cell  viability  studies  summarized  in  figures  4  and  5 
indicate  the  occurrence  of  at  least  two  absorption  processes. 
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More  specifically,  one  process  is  indicated  by  the  growth 
enhancement  due  to  low  doses  of  422  nm  radiation.  A  second 
process  is  indicated  at  larger  doses  where  increasing  dose 
corresponds  to  increasing  lethality  and,  excluding  the  422  nm 
data,  cell  viability  is  less  effectively  reduced  with  longer 
wavelength  radiation.  This  second  process  is  in  line  with 
conclusions  drawn  from  previously  observed  action  spectra  of  E. 
coli  where  nucleic  acids  have  been  assigned  as  the  principle 
chromophore  (4,5,8).  At  lower  doses  and  for  wavelengths  near  422 
nm,  however,  the  first  process  is  apparent  and  the  net  effect  on 
cell  viability  is  opposite  to  that  of  the  second  mechanism. 
Furthermore,  in  our  studies  with  the  nanosecond  pulsed  laser, 
lethality  is  achieved  at  significantly  lower  doses  than 
previously  reported  (4,5).  While  this  is  a  promising  observation 
for  future  biomedical  investigations,  the  results  discussed  above 
indicate  that  competing  processes  occur  for  irradiation  near  422 
nm  at  relatively  low  doses.  This  consideration  suggests  that 
caution  be  used  with  regards  to  biomedical  investigations  using 
wavelengths  near  the  Soret  band  of  porphyrin  complexes. 

In  conclusion,  we  have  reported  a  systematic  investigation 
of  the  wavelength  dependence  of  near  ultraviolet  and  visible 
radiation,  delivered  in  nanosecond  pulses,  on  the  growth  of 
E.coli  suspensions.  Exposure  wavelengths  were  chosen  based  on 
improved  spectroscopic  measurements  of  the  absorption  character¬ 
istics  of  cell  suspensions  where  the  technique  of  immersion 
ref ractometry  has  resulted  in  a  significant  reduction  in  the 
background  of  scattered  light  revealing  resonant  features  at  422, 
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582  and  561  nm.  We  observe  a  definite  wavelength  dependence  for 
the  effect  of  pulsed  laser  light  on  the  viability  of  cells  that 
can  be  reasonably  accounted  for  by  spectral  assignments  and 
suggests  at  least  two  absorption  processes.  This  experimental 
approach  should  be  of  general  utility  for  future  investigations 
of  the  effects  of  laser  light  on  cellular  systems. 
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FIGURE  LEGENDS 


Figure  1.  Absorption  spectra  of  E.coli  Cla;  a)  suspended  in 
saline  solution  exhibiting  a  shoulder  near  350  nm  and  a  broad 
scattering  background,  b)  suspended  in  the  BSA  solution  that 
optimally  matches  the  refractive  index  of  the  cell  membranes. 
Resonant  features  near  422,  582,  and  561  nm  are  revealed  due  to 
the  reduction  in  scattered  light.  Instrumental  features  occur 
near  488,  580,  and  656  nm  (see  text);  however,  the  observed 

intensity  of  the  spectral  feature  at  582  nm  cannot  be  completely 
accounted  for  as  an  instrumental  line. 


Figure  2 .  Optimization  of  refractive  index  of  suspending 
solution.  Absorption  of  cell  suspensions  measured  at  589  nm  as  a 
function  of  refractive  index  of  suspending  solution.  Refractive 
index  varies  with  BSA  concentration.  Minimum  absorption 
corresponds  to  optimally  matching  the  refractive  index  of  the 
suspending  solution  to  that  of  the  cell  membrane. 


Figure  3.  Curve  fitting  of  absorption  spectra.  Spectrum  shown 
in  figure  lb  is  fit  with  a  scattering  background  and  resonant 
feature:  a)  determination  of  power  law  of  scattering  background, 
b)  Gaussian  fit  of  resonant  feature  centered  at  422  nm. 
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Figure  4 .  Wavelength  and  dose  dependence  on  percentage  kill  of 


E.coli:  a)  exposures  to  350,  400,  422,  and  700  nm  radiation 
indicating  relative  effectiveness  at  reducing  cell  viability  as 
determined  by  absorbance  measurements  of  the  growth  kinetics  (see 
text),  b)  exposures  at  400,  422,  and  440  nm  indicating  growth 
enhancement  for  500  millijoule  dose  of  422  nm  radiation  and 
reduction  in  cell  viability  for  larger  doses.  The  error  in 
determining  percentage  kill  is  approximately  11%. 


Figure  5.  Percentage  kill  at  a  dose  of  approximately  4  J  as  a 
function  of  irradiation  wavelength.  The  error  in  determining 
percentage  kill  is  approximately  11%. 
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Abstract 

Fibroblasts  from  canine  vocal  fold  tissue  have  been  isolated  and  maintained  in 
culture.  These  cells  express  vimentin  and  a-smooth  muscle  actin,  the  characteristic 
marker  of  myofibroblast  differentiation.  Elastin  production  by  vocal  fold  fibroblasts 
was  compared  to  that  of  skin  fibroblasts.  The  effects  of  transforming  growth  factor-(J 
and  hydrocortisone  on  elastin  production  were  examined.  Vocal  fold  fibroblasts  in 
culture  have  a  high  elastogenic  capacity  compared  to  skin  fibroblasts,  and  their 
elastin  production  can  be  enhanced  by  hydrocortisone  (1.3pM)  and  TGF-P  (lOng/ml). 
We  conclude  that  the  cells  within  the  vocal  fold  are  myofibroblastic  in  nature,  and 
have  high  elastogenic  potential  in  vitro.  We  suggest  that  connective  tissue 
remodelling  may  be  a  continuous  process  in  the  vocal  fold. 


Keywords:  vocal  fold,  myofibroblast,  a-smooth  muscle  actin,  elastin,  TGF-P 
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Introduction 

Impaired  voice  quality,  due  to  trauma,  surgery,  or  advancing  age,  is  a  serious 
problem  for  many  individuals.  The  inability  to  communicate  effectively  can 
interfere  with  an  individual’s  career,  and  can  lead  to  serious  psychological  problems. 
The  human  vocal  fold,  viewed  in  cross-section,  consists  of  an  epithelial  layer,  three 
layers  of  connective  tissue  comprising  the  lamina  propria,  and  the  vocalis  muscle 
(14).  The  connective  tissue  composition  of  the  lamina  propria  determines  the 
biomechanical  properties  of  the  vocal  fold,  and  thus  the  range  sounds  which  can  be 
produced. 

Alterations  in  voice  quality,  including  changes  in  pitch  and  increased 
hoarseness,  which  occur  with  age  (16),  are  known  to  be  associated  with  structural 
changes.  These  changes  occur  mostly  within  the  lamina  propria  and  include 
decreased  elastin  content  in  the  intermediate  layer,  and  increased  collagen  content  in 
the  deep  layer  (12,16).  Similar  changes  in  collagen.elastin  ratio  have  been  observed 
in  other  tissues  in  response  to  various  types  of  injury  (3,18).  Most  elastin  synthesis 
occurs  during  development  (4),  so  elastin  is  not  normally  replaced  after  injury. 

Vocal  fold  tissue  is  required  to  have  higher  elasticity  than  many  other  tissues 
in  order  to  perform  its  normal  function.  Histological  studies  of  vocal  folds  from  a 
variety  of  mammals  have  shown  that  this  tissue  is  rich  in  elastic  fibers.  This  is 
particularly  true  for  vocal  folds  in  both  human  and  dog  which  are  highly  vocalizing 
mammals  (14).  Clearly,  replacement  of  the  elastic  tissue  with  collagen  following 
injury  will  severely  affect  voice  quality.  As  the  vocal  fold  is  a  highly  dynamic  tissue 
and  is  in  constant  use,  it  might  be  reasonable  to  expect  cells  from  within  this  tissue, 
in  particular  the  fibroblasts  within  the  lamina  propria  to  be  specialized  in  some  way. 
Subclasses  of  fibroblasts,  which  are  believed  to  be  functionally  differentiated,  have 
been  identified  recently  in  both  injured  and  normal  lung  (1). 
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This  paper  describes  the  isolation,  culture  and  characterization  of  the  vocal 
fold  fibroblast.  These  studies  demonstrate  that  vocal  fold  fibroblasts  in  culture 
express  a-smooth  muscle  actin,  which  is  characteristic  of  myofibroblasts.  The  results 
also  show  that  these  cells  in  culture  have  high  elastogenic  potential,  and  that  their 
elastin  synthesis  can  be  increased  by  both  transforming  growth  factor-beta  (TGF-(i) 
and  hydrocortisone.  The  culture  of  fibroblasts  from  the  vocal  fold  provides  a  model 
system  in  which  to  study  the  normal  physiology  and  pathological  changes  leading  to 
decreased  voice  quality  which  are  currently  poorly  understood. 

Experimental  Design 

Canine  vocal  fold  explants  were  cultured  using  standard  techniques.  Primary 
cultures  and  cultures  up  to  passage  four  were  examined  for  the  presence  of  the 
cytoskeletal  components  vimentin,  a-smooth  muscle  actin  and  desmin,  in  order  to 
establsh  the  phenotype  of  the  vocal  fold  fibroblast.  The  production  of  elastin  by 
vocal  fold  fibroblasts  was  measured  by  an  indirect  enzyme-linked  immunosorbent 
assay,  and  was  compared  to  elastin  production  by  skin  fibroblasts  from  the  same 
species.  The  effects  of  TGF-  (3  and  hydrocortisone  on  elastin  production  were 
examined. 

Results 

Histology 

The  vocal  fold  is  lined  with  stratified  squamous  epithelium,  which  is  suitable  for 
withstanding  frictional  stress.  Nuclei  of  fibroblasts  can  be  observed  within  the  vocal 
fold  mucosa,  specifically  within  the  loose  connective  tissue  of  the  lamina  propria 
(Figure  la).  There  is  an  abundance  of  elastin  within  the  vocal  fold  mucosa  (Figure 
lb)  with  both  elastin  and  collagen  dispersed  throughout  the  canine  vocal  fold  lamina 
propria  (Figure  lc).  The  vocalis  muscle  is  a  striated  muscle  (Figure  Id). 
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Cultured  Cells  from  the  Vocal  Fold  Mucosa  and  Vocalis  Muscle. 

Cells  from  the  vocal  fold  mucosa  and  vocalis  muscle  were  isolated  using  standard 
explant  culture  techniques  as  desciibed  below.  The  small  pieces  of  tissue  were  placed 
in  a  minimal  amount  of  growth  medium  to  encourage  attachment  to  the  petri  dish. 
After  24  hours,  the  tissue  was  attached  firmly  enough  so  as  to  allow  the  gentle 
addition  of  growth  medium  to  the  cultures.  The  explants  can  be  left  in  a  small 
amount  of  growth  medium  for  up  to  72  hours  before  requiring  additional  medium. 

Within  two  to  four  days,  cells  were  observed  migrating  from  the  vocal  fold 
mucosa  explant.  The  first  cells  to  migrate  from  the  explant  were  epithelial-like  cells 
as  suggested  by  their  cobblestone  appearance  (Figure  2).  These  cells  migrate  as  a  flat 
sheet  of  closely  apposed  cells,  which  do  not  overlap  one  another.  One  to  two  days 
later,  fibroblasts  begin  to  appear  as  single  cells.  These  cells  were  recognized  by  their 
elongated  appearance  (Figure  3),  and  their  migration  out  from  the  explant  over  the 
epithelial  cells.  The  fibroblasts  continued  to  migrate  and  eventually  made  up  the 
bulk  of  the  cell  population  in  the  culture  dish.  On  very  rare  occasions,  single 
fibroblast-like  cells  were  observed  migrating  from  the  explants  prior  to  the 
emergence  of  the  epithelial  layer.  Subculture  of  the  cells  resulted  in  a  pure 
population  of  fibroblasts  as  the  epithelial  cells  remained  attached  to  the  culture  dish 
following  trypsinization.  Although  within  the  vocal  fold  mucosa  these  are  small 
vessels  which  are  composed  of  smooth  muscle  and  endothelial  cells,  these  were  not 
evident  in  culture  probably  due  to  their  low  numbers  compared  to  the  abundance  of 
fibroblasts. 

Within  3-4  days  muscle-like  cells  had  migrated  from  the  vocalis  muscle 
explants  (Figure  4).  No  epithelial  monolayer  was  observed  migrating  from  these 
explants. 
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Immunocvtochemical  Characterization. 

Vocal  fold  fibroblasts  which  had  migrated  from  exp’ants  and  subcultured  up  to 
passage  4  expressed  a-smooth  muscle  cell  actin  (Figure  5a).  However,  between 
passage  1  and  passage  4,  the  percentage  of  cells  which  stained  positively  for  this 
cytoskeletal  protein  decreased  from  approximately  90%  in  passage  1  cultures,  to 
around  50%  in  cultures  at  passage  4.  These  cells  also  stained  positively  for  vimentin 
(Figure  5b).  Epithelial-like  cells  from  the  explant  were  negative  both  for  a-smooth 
muscle  cell  actin  and  vimentin.  Neither  fibroblasts  nor  epithelial  cells  expressed 
desmin.  Fibroblasts  isolated  from  dog  skin  expressed  vimentin  but  not  a-smooth 
muscle  actin. 

Elastin  Production. 

Elastin  production  from  canine  vocal  fold  fibroblasts  was  compared  to  that  of  canine 
skin  fibroblasts.  Vocal  fold  fibroblasts  produced  approximately  twice  that  of  skin 
fibroblasts  (Figure  6).  Furthermore,  elastin  production  by  canine  vocal  fold 
fibroblasts  was  stimulated  by  both  TGF-fS  (lOng/ml)  and  hydrocortisone  (1.3pM) 
(Figure  7). 

Discussion 

The  vocal  fold  is  a  unique  mammalian  tissue  which  exists  in  a  highly  dynamic 
environment.  The  human  vocal  fold  differs  structurally  from  that  of  the  dog  in  that 
the  lamina  propria  in  humans  is  divided  into  three  layers,  while  the  dog  has  only 
two  layers  and,  therefore,  has  no  structure  equivalent  to  the  vocal  ligament.  In  the 
human,  the  layers  are  clearly  defined  with  most  of  the  elastin  present  in  the 
superficial  and  intermediate  layers,  while  the  deep  layer  consists  mostly  of  collagen 
fibers.  In  contrast,  the  superficial  layer  of  the  canine  lamina  propria  is  dense  with 
both  collagen  and  elastin,  while  the  deep  layer  is  loose  in  fibrous  components  as 
observed  by  Hirano  and  Kurita  (14)  and  confirmed  in  this  study.  However,  owing  to 
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the  overall  abundance  of  elastin  within  the  tissue  from  both  species,  we  considered 
the  canine  vocal  fold  to  be  a  suitable  model.  In  addition,  the  macroscopic  structure 
of  the  canine  larynx  is  very  similar  to  that  of  the  human  larynx  (14). 

The  abundance  of  elastin  within  vocal  fold  suggests  that  this  tissue  is 
specialized.  Vocal  fold  fibroblasts  can  be  obtained  from  the  canine  vocal  fold  and 
maintained  in  culture  for  several  months  without  any  difficulty.  In  this  study  we 
used  fibroblast  cultures  no  older  than  passage  four  (maximum  of  four  weeks  old)  so 
as  to  keep  as  close  to  the  normal  phenotype  as  possible. 

The  phenotype  of  the  vocal  fold  fibroblasts  was  determined  by 
immunocytochemical  analysis  of  the  cytoskeletal  components.  Fibroblasts  from  the 
vocal  fold  express  both  vimentin  and  a-smooth  muscle  actin,  but  not  desmin. 
Vimentin  is  expressed  equally  by  cells  from  primary  explants  and  passage  four 
cultures.  However,  a-smooth  muscle  actin  expression  appears  to  diminish  between 
passage  one  and  passage  four. 

The  expression  of  a-smooth  muscle  actin  in  fibroblasts  was  initially  described 
as  a  characteristic  of  the  "injury"  phenotype,  and  was  observed  in  a  population  of 
cells  which  appeared  transiently  in  experimental  wound  repair  (5,8,26).  Fibroblasts 
expressing  a-smooth  muscle  actin  have  since  been  described  in  both  injured  and 
normal  tissue  (1,27).  The  population  of  cells  sharing  both  fibroblast  and  smooth 
muscle  properties  are  known  as  myofibroblasts.  Several  subclasses  of  myofibroblasts 
have  now  been  identified  and  are  distinguished  by  the  pattern  of  staining  for 
cytoskeletal  components  (27).  The  appearance  of  myofibroblasts  in  injury  is  thought 
to  be  central  to  the  mechanisms  of  connective  tissue  remodelling  and  wound 
contraction  (7),  and  may  be  important  where  structural  integrity  of  the  tissue  is 
crucial  for  normal  function. 

Routine  culture  of  fibroblasts  on  plastic  and  glass  is  reported  to  cause  these 
cells  to  assume  a  phenotype  closer  to  myofibroblasts  (7).  However,  the  fibroblasts 
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which  migrated  from  the  vocal  fold  explant  expressed  a-smooth  muscle  actin  when 
examined  after  only  six  days  in  culture,  and  the  expression  of  this  cytoskeletal 
component  appeared  to  diminish  with  time. 

Vocal  fold  fibroblasts  appear  to  be  a  myofibroblast-like  cell  expressing 
vimentin  and  a-smooth  muscle  actin.  It  is  possible  that  the  expression  of  a-smooth 
muscle  actin  in  vocal  fold  fibroblasts  reflects  their  normal  function.  Connective 
tissue  remodelling  may  be  a  continuous  process  in  the  vocal  fold.  Changes  in  voice 
quality  with  age  may  be  associated  with  loss  of  contractile  properties  and  decreased 
elastin  synthesis  by  vocal  fold  fibroblasts. 

Early  studies  from  our  laboratory  indicated  that  vocal  fold-derived  fibroblasts 
had  a  greater  elastogenic  capacity  compared  to  skin-derived  fibroblasts  (11).  The 
present  study  confirms  that  vocal  fold  fibroblasts  produce  approximately  twice  the 
elastin  of  skin  fibroblasts  in  vitro.  Vocal  fold  fibroblasts  grown  in  culture  appear  to 
exhibit  levels  of  elastogenesis  which  might  represent  their  elastogenic  potential  i  n 
vivo.  This  might  be  useful  for  increasing  elastin  production  in  cells  within  the 
vocal  fold  which  have  undergone  some  kind  of  injury.  Treatment  with  factors 
which  stimulate  elastin  synthesis  could  restore  elasticity  to  the  tissue  and  thereby 
accelerate  voice  recovery  after  injury. 

Candidates  for  stimulating  elastin  synthesis  include  glucocorticoids  and  TGF- 
(3.  The  effects  of  glucocorticoids  on  connective  tissue  synthesis  are  usually  inhibitory 
and  include  decreased  synthesis  of  both  collagen  (22)  and  glycosaminoglycan  (25). 
However,  elastin  synthesis  in  bovine  nuchal  ligament  cells  is  increased  by 
glucocorticoids  (21).  TGF-(3  is  a  known  modulator  of  elastin  synthesis  and  has  been 
shown  to  upregulate  elastin  production  in  cultured  porcine  aortic  smooth  muscle 
cells  (19)  and  granulation  tissue  fibroblasts  (23).  Our  results  show  that  treatment 
with  TGF-P  or  hydrocortisone  increased  elastin  production  by  vocal  fold  fibroblasts. 
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Mechanical  deformation  has  been  shown  to  increase  elastin  (24)  and  collagen 
synthesis  (28)  by  aortic  smooth  muscle  cells.  Preliminary  findings  from  our 
laboratory  suggest  that  mechanical  deformation  of  vocal  fold  fibroblasts  stimulates 
elstin  production  (10).  This  could  be  useful  in  indicating  whether  light  vocal  fold 
exercise  would  be  beneficial  for  voice  recovery  instead  of  complete  voice  rest  which 
is  now  indicated  after  injury  or  surgery.  The  effects  of  mechanical  deformation  on 
elastin  production  by  vocal  fold  fibroblasts  will  be  the  subject  of  a  further  study. 

In  summary,  the  vocal  fold  fibroblast  appears  to  be  a  myofibroblast-like  cell 
which  has  high  elastogenic  potential.  The  vocal  fold  may  be  a  highly  specialized 
tissue  which,  due  to  constant  use,  is  in  a  continuous  process  of  repair  or  remodelling 
in  order  to  maintain  normal  function.  Elastin  production  by  the  vocal  fold  fibroblast 
can  be  enhanced  by  TGF-p  and  hydrocortisone.  This  could  be  important  in  the 
treatment  of  injured  or  aged  vocal  folds  for  recovery  of  normal  voice  quality. 
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Methods 

Histology.  A  whole  larynx  was  obtained  from  a  euthanized  dog  and  was  fixed  in 
10%  formalin  for  72  hours  at  4°C.  The  vocal  fold  was  removed  and  embedded  in 
paraffin  from  which  4|j.m  tissue  sections  were  cut.  The  tissue  was  then  stained  with 
Masson's  trichrome  with  Azan  (M&A),  Elastic  van  Gieson  (EvG)  or  Hematoxylin 
and  Eosin  (H&E)  using  standard  procedures. 

Isolation  and  Culture  of  Vocal  Fold  Cells.  Laryngeal  tissue  was  obtained  from  dogs 
which  had  been  euthanized  by  intravenous  injection  of  a  lethal  dose  of  sodium 
pentobarbital.  The  tissue  was  collected  in  Hank's  balanced  salts  solution  buffered 
with  lOmM  HEPES  (buffered-HBSS),  containing  penicillin  (50U/ml),  streptomycin 
(50|J.g/ml)  and  amphotericin  B  (12ng/ml).  The  tissue  was  rinsed  twice  with  buffered- 
HBSS  containing  antibiotics,  and  placed  in  a  petri  dish  where  the  larynx  was  cut 
open  to  expose  the  vocal  folds.  The  vocal  fold  mucosa  was  elevated  and  a  small  strip 
of  mucosa  containing  the  epithelium  and  lamina  propria,  was  removed  using 
forceps  and  small  scissors,  and  placed  into  a  15ml  centrifuge  tube.  A  small  part  of  the 
vocalis  muscle  from  deeper  in  the  vocal  fold  was  removed  and  placed  into  another 
15ml  centrifuge  tube.  The  tubes  were  filled  with  buffered-HBSS  containing 
antibiotics  and  the  tissue  washed  and  collected  by  centrifugation.  Each  tissue  was 
then  placed  into  a  Petri  dish  and  teased  into  small  pieces  (-lmm^)  using  forceps  and 
a  scalpel.  The  pieces  were  collected  and  washed  in  buffered-HBSS  by  centrifugation, 
then  resuspended  in  a  small  amount  (3-5mI)  of  culture  medium  consisting  of 
Dulbecco's  Modified  Eagle's  Medium  supplemented  with  10%  Fetal  Bovine  Serum, 
penicillin  (50  U/ml),  streptomycin  (50jig/ml)  and  amphotericin  B  (12ng/ml) 
(DMEM+10%FCS).  The  suspension  was  poured  into  a  100  mm  diameter  petri  dish 
(Falcon  Labware)  and  the  medium  swirled  so  as  to  cover  as  much  of  the  plate  as 
possible.  In  some  cases  the  explants  were  plated  into  Labtek™  8-well  slides  (Nunc) 
for  immunocytochemistry.  The  dishes  were  placed  in  an  incubator  (5%  CC>2/95% 
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02)at37°C.  After  24  hours  10ml  growth  medium  was  added  gently  to  the  cultures. 
All  tissue  culture  reagents  were  obtained  from  Gibco  Biotechnologies,  Grand  Island, 
N.Y. 

Isolation  and.  Culture  of  Skin  Fibroblasts.  Skin  tissue  was  obtained  from  the  dorsal 
pelt  of  euthanized  dogs  and  collected  in  buffered-HBSS  containing  antibiotics.  The 
tissue  was  washed  twice  in  buffered-HBSS  then  placed  into  a  petri  dish.  The  fascia 
was  removed  and  small  pieces  of  skin  dissected  from  the  pelt.  The  skin  was  teased 
into  small  (~lmm3)  pieces  and  cultured  in  the  same  manner  as  described  for  vocal 
fold  tissue.  All  cell  types  were  subcultured  using  standard  trypsinization  procedures. 
Immunocytochemical  characterization.  Cells  were  subcultured  onto  Labtek™  8-well 
slides  and  grown  in  DMEM+10%FCS.  When  the  cells  were  80-90%  confluent,  they 
were  washed  twice  in  buffered-HBSS  then  fixed  in  10%  formalin  for  30  minutes  and 
stored  in  Dulbecco's  phosphate  buffered  saline  (PBS)  (Gibco)  at  4°C  in  a  humidified 
atmosphere.  Prior  to  staining,  the  cells  were  permeabilized  in  acetone  for  5  minutes 
at  -20°C.  The  slides  were  placed  in  PBS  for  2  minutes  then  the  primary  antibody  was 
added  in  PBS  +1%  bovine  serum  albumin  (BSA)  at  1:50,  1:100  and  1:200  dilutions, 
and  incubated  for  2  hours.  Antibodies  used  were  monoclonal  anti-a-smooth  muscle 
actin  antibody,  monoclonal  anti-desmin  antibody  and  monoclonal  anti-vimentin 
antibody.  The  slides  were  washed  3  times  in  PBS,  then  incubated  with  TRITC- 
conjugated  goat  anti  mouse  IgG  for  1  hour.  The  slides  were  then  washed  3  times  in 
PBS,  rinsed  once  in  water,  and  mounted  in  glycerol: water  (1:1).  Photographs  were 
taken  using  a  Nikon  Optiphot  photomicroscope  equipped  with  epiillumination  and 
specific  filters  for  rhodamine,  and  a  plan  apochromate  X40/0.75  objective  and 
Ektachrome  400  ASA  color  slide  film  (Eastman  Kodak  Co.,  Rochester,  NY).  All 
antibodies  were  obtained  from  Sigma  Chemical  Co.,  St.  Louis,  MO. 

Elastin  Synthesis  Measurements.  Measurements  of  elastin  synthesis  were  obtained 
from  canine  vocal  fold  fibroblasts  between  passages  2  and  4,  at  the  late  log  phase  of 
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growth.  Cells  Wde  subcultured  onto  24-multi-well  dishes  (Costar,  Cambridge,  MA) 

and  grown  to  confluence.  The  medium  was  then  replaced  with  1ml  DMEM+10% 

Newborn  calf  serum  (NBCS).  This  medium  was  used  in  order  to  maximize 

differences  in  elastin  production  in  response  to  the  treatments  described,  as  elastin 

production  by  cells  cultured  in  FCS  is  very  high  (unpublished  observation).  This 

medium  was  then  collected  at  given  time  intervals  and  elastin  production  measured 

by  an  indirect  enzyme-linked  immunosorbent  assay  (9).  Briefly,  microtiter  plates 

were  coated  with  dog  a-elastin  (25ng)  in  Voller's  buffer  (30)  and  incubated  at  4°C 

overnight.  Competition  plates  containing  standard  antigen  (bovine  tropoelastin, 

Elastin  Products  Company,  Owensville,  MO)  or  samples  and  polyclonal  rabbit  anti- 

pig  a-elastin  (1:3000)  (9)  were  incubated  at  4°C  overnight.  The  following  day,  the 

contents  of  the  competition  plate  were  transferred  to  the  coated  plate  and  allowed  to 

react.  The  reaction  was  visualized  using  horseradish  peroxidase-conjugated  goat  anti 

rabbit  IgG  (1:2000)  (Kirkegaard  and  Perry  Laboratories).  The  plates  were  read  in  a 

Thermomax  plate  reader  (Molecular  Devices  Corporation)  at  OD490nm  and  the 

results  extrapolated  from  a  4-parameter,  non-linear  regression  analysis  of  the 

standard  curve  (24)  using  SOFTmax  software  (Molecular  Devices).  Results  are 

expressed  as  molecular  equivalents  of  soluble  elastin  normalized  to  cell  number. 

Cell  number  was  determined  by  DNA  content  as  described  previously  (15). 

Treatment  with  TGF-p  and  Hydrocortisone.  TGF-p  (provided  by  Dr.  Rik  Derynck, 
Genentech,  Inc.)  or  hydrocortisone  (Sigma  Chem.  Co.)  at  the  given  concentrations 
were  added  to  late  log  phase  cultures  of  vocal  fold  fibroblasts  in  DMEM  +  10%  NBCS 
for  times  indicated  in  the  figures. 
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Figure  Legends 

Figure  1(a).  H&E  stained  canine  vocal  fold  showing  stratified  squamous  epithelial 
lining  and  nuclei  of  fibroblasts  within  the  lamina  propria  (Xxx  mag.) 

Figure  1(b).  Elastic  van  Gieson  stained  canine  vocal  fold  showing  disrtibution  of 
elastin  within  the  lamina  propria  (X200  mag.) 

Figure  1  (c).  Masson's  trichrome  stained  canine  vocal  fold  showing  distribution  of 
collagen  (X200  mag) 

Figure  1(d).  H&E  stained  canine  vocal  fold  showing  striated  vocalis  muscle  (X200 
mag.) 

Figure  2.  Canine  vocal  fold  explant  4  days  in  culture  showing  epithelial  monolayer 
(X250  mag.) 

Figure  3.  Canine  vocal  fold  explant  6  days  in  culture  showing  fibroblasts  (X250  mag.) 

Figure  4.  Canine  vocalis  muscle  explant  4  days  in  culture  showing  muscle  cells  (X250 
mag.) 

Figure  5(a).  Vocal  fold  fibroblasts  stained  with  antibody  to  a-smooth  muscle  actin 
(X300  mag.) 

Figure  5(b).  Vocal  fold  fibroblasts  stained  with  anitbody  to  vimentin  (X300  mag.) 

Figure  6.  Elastin  production  by  canine  skin  vs  canine  vocal  fold  fibrobalsts.  Each 
point  represents  the  mean  ±  s.e.  of  two  experiments  performed  in  duplicate.  p<0.05 
using  Student's  paired  t-test. 

Figure  7.  Effect  of  hydrocortisone  and  TGF-p  on  elastin  production.  Each  point 
represents  the  mean  ±  s.e.  of  three  experiments  performed  in  duplicate.  p<0.05 
compared  to  control  at  each  time  point  using  Student's  paired  t-test. 


Figure  1(b) 
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ABSTRACT 


The  KTP  laser  (wavelength,  532  nm)  was  used  in  a  subablative  format  to 
determine  whether  low  energy  density  irradiation  would  affect  the  normal 
healing  by  primary  intention  of  scalpel  skin  incisions  in  rats.  Two  longitudinal 
lased  strips  were  created  by  a  1  cm  diameter  defocused  beam  on  the  shaved, 
cleaned  dorsal  epidermis  of  32  Sprague-Dawley  rats;  one  strip  was  produced  with 
a  2.0  W  beam  (54  J,  or  18  J/cm2  total  dose),  and  the  other  with  a  3.5  W  beam  (94.5 
J,  or  31.5  J/cm2,  total  dose).  Scalpel  incisions  were  made  longitudinally  within 
the  irradiated  zones,  using  contralateral  scalpel  incisions  on  unirradiated  skin  as 
controls.  Tensiometric  analysis  of  wound  strength  was  performed  at  3,  7, 14,  and 
23  days  following  surgery.  The  data  from  fresh  tissue  tensiometry  indicate  that 
KTP  laser  irradiation  of  skin  incisions  results  in  a  triphasic  tensile  strength 
response  for  the  54  J  (2.0  W)  exposure,  but  not  for  the  94.5  J  (3.5  W)  exposure.  For 
the  54  J  irradiated  incisions,  the  fresh  tensile  strength  is  greater  than  control  at 
days  3  and  23,  but  less  than  control  at  the  intermediate  days  7  and  14.  The  94.5  J 
irradiated  incisions  are  consistently  weaker  than  controls.  These  effects  may  be 
explained  by  the  interplay  of  localized  transient  cellular  injury  effected  by  the 
low  energy  density  laser  and  a  concomitant  biomodulatory  response. 
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INTRODUCTION 


Medical  lasers  have  traditionally  been  used  for  tissue  ablation  since  laser 
energy  can  cause  intense  localized  heating  sufficient  to  vaporize  both  extra-  and 
intracellular  water,  producing  a  coagulative  necrosis.1'3  The  carbon-dioxide  (CO2) 
laser  is  often  the  laser  of  choice  when  laser  incision  and  tissue  ablation  are 
desired,  but  the  hemostatic  effects  are  suboptimal.3-4  Other  lasers,  such  as  the 
KTP  and  argon  (wavelengths  of  532  nm  and  488  nm,  respectively),  are  much 
more  effective  at  hemostasis  since  their  frequencies  of  emission  lie  near  the 
absorption  maximum  of  hemoglobin.  Any  of  these  lasers,  especially  the  CO2, 
may  be  expected  to  produce  thermal  tissue  damage  lateral  to  the  site  of 
irradiation  when  used  in  the  ablative  energy  range .5  This  lateral  damage  may  be 
responsible  for  the  well-known  delay  in  the  healing  of  laser  incisions.1-6 
More  recent  literature  has  begun  to  focus  on  the  non-thermal,  or 
photochemical,  property  of  the  laser  and  its  use  in  the  biomodulation  of 
physiologic  processes.5-7'12  Both  the  helium-neon  and  argon  lasers,  when 
operated  in  a  subablative  format,  have  been  shown  to  augment  the  rate  of 
collagen  synthesis  and  the  total  collagen  deposition  in  skin  wounds,7  but  an 
attenuated  rate  of  wound  reepithelialization  was  documented  when  using  the 
CO2  laser.5  Unfortunately,  however,  the  degree  to  which  photochemical  and 
thermal  processes  contribute  to  the  biomodulation  is  not  easily  delineated, 
although  it  is  predicted  that  photochemical  processes  are  favored  at  lower 
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irradiences.  We  investigated  the  effect  of  low  energy  density  KTP  irradiation  on 
the  normal  wound  healing  process  of  skin  incisions  in  rats,  and  our  results 
suggest  that  the  KTP  laser  can  be  utilized  as  a  biomodulatory  tool. 
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MATERIALS  AND  METHODS 


Male  Sprague-Dawley  rats,  weighing  275-300g  initially,  were  anesthetized 
intraperitoneally  with  Ketaset  (ketamine  hydrochloride,  22.0  mg /kg  body  weight; 
Aveco,  Co.,  Inc.,  Fort  Dodge,  LA)  and  Rompun  (xylazine,  2.2  mg/kg  body  weight; 
Haver,  Mobay  Corp.,  Shawnee,  KS).  With  the  onset  of  analgesia,  the  dorsal  pelt 
of  each  animal  was  clipped  (Model  #5-01,  Head  #80,  size  10;  Oster,  Inc., 
Allegheny  International  Co.,  Professional  Products  Department,  Milwaukee, 

WI),  shaved,  and  the  exposed  dorsal  epidermis  was  treated  with  a  depilatory 
(Magic  Depilatory  Cream,  Carson  Products  Co.,  Savannah,  GA)  to  remove  any 
residual  stubble  which  would  interfere  with  absorption  of  the  laser.  Each  rat  was 
mounted  on  a  20.4  cm  X  20.4  cm  plexiglass  translation  stage.  The  stage  was 
propelled  horizontally  at  a  constant  rate  of  0.11  cm/ sec  via  its  attachment  to  both 
pistons  of  a  Harvard  pump,  and  the  translation  stage  was  positioned 
immediately  beneath  the  vertical  KTP  beam  (KTP/532  Laser,  Serial  #1605246, 
Laserscope,  Santa  Clara,  CA).  The  Laserscope  KTP  is  a  quasi-continuous  wave 
laser  whose  pulse  regime  consists  of  a  25  kHz  pulse  repetition  rate  with  a  1  gsec 
pulse  width;  the  beam  profile,  as  determined  by  another  member  of  our 
department  (see  Acknowledgments),  was  shown  to  be  near  Gaussian. 

The  KTP  beam  was  defocused  to  a  diameter  of  1  cm  through  the  use  of  a 
Microbeam  1  (Laserscope,  Santa  Clara,  CA)  attachment  on  a  Storz  (Model  US- 
l,M1061-50/50,  Storz  Urban,  Urban  Engineering,  Inc.,  Burbank,  CA)  operating 
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microscope,  the  vertical  distance  from  the  beam  orifice  to  the  rat's  dorsum  being 
18  cm.  Each  rat  was  translated  under  a  2.0  W  KTP  beam  for  a  duration  of  27  sec 
(54  J,  or  18  J/ cm2,  total  dose)  to  produce  a  3  cm  longitudinal  strip  1.5  cm  to  the  left 
of  the  spinal  column.  A  second  3  cm  lased  longitudinal  strip  was  created 
ipsilateral  and  2  cm  posterior  to  the  first  strip  by  using  a  94.5  J  (3.5  W,  31.5  J/cm) 
KTP  beam.  The  total  doses  delivered  were  18.0  J/cm2  for  the  2.0  W  exposure  and 
31.5  J/ cm2  for  the  3.5  W  exposure.  These  two  doses  were  chosen  empirically  as  a 
result  of  a  pilot  study  involving  one  rat  which  was  exposed  to  a  range  of  power 
settings  (0.5  W  to  15  W)  at  the  corresponding  doses  of  1.9  J/cm2  to  57.3  J/cm2:  the 
observations  lead  us  to  select  two  levels  of  irradience,  one  of  which  (54  J) 
produced  no  evidence  of  erythema  or  induration  and  the  other  of  which  (94.5  J) 
was  just  sufficient  to  produce  visible  erythema  and  induration.  These 
irradiences  were  termed  maximally  sublethal  and  minimally  lethal,  respectively, 
although  these  terms  were  chosen  only  for  descriptive  purposes. 

Immediately  subsequent  to  the  irradiation  procedure,  3  cm  longitudinal 
scalpel  incisions  were  created  with  a  No.  20  blade  (SteriSharps,  Seamless  Hospital 
Products  Co.,  Wallingford,  CT)  in  the  midline  of  each  of  the  lased  strips.  Control 
scalpel  incisions  were  created  contralaterally  at  identical  vertebral  levels.  All 
scalpel  incisions  extended  down  to  the  panniculus  carnosus,  and  each  incision 
was  closed  with  four  skin  staples  following  careful  apposition  of  the  skin  flaps. 
The  rats  were  then  housed  in  individual  cages  without  wood  shavings  (to  keep 
the  wounds  as  clean  as  possible),  with  water  and  chow  (Wayne  Feeds,  Precision 
Milling,  Chicago,  IL)  ad  libitum,  and  on  a  12  h  light  /  12  h  dark  cycle  per  diem. 
After  excluding  one  rat  which  was  sacrificed  acutely  for  histology,  each  of  the 
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remaining  rats  was  randomly  allocated  to  one  of  four  recovery  groups:  the 
groups  were  terminated  at  3,  7, 14,  and  23  days  postoperatively. 

On  the  designated  days  the  rats  were  sacrificed  by  a  lethal  dose  of  inhaled 
halothane  (containing  0.01%  Thymol,  Halocarbon  Laboratories,  Inc.,  Hackensack, 

NJ),  and  a  2.5  to  3.5  cm  X  2.0  to  3.0  cm  skin  patch  containing  the  wound  was 
excised  using  a  No.  20  scalpel  blade.  A  1  cm  X  2  to  3  cm  block  was  removed  from 
one  end  of  the  initial  patch  to  be  processed  for  routine  light  microscopy.  The 
remaining  patch  (1.5  to  2.5  cm  X  2.0  to  3.0  cm)  was  placed  in  PBS  buffer  [8.1  mM 
Na2HP04, 0.5  mM  MgCh  (all  obtained  from  Fisher  Scientific,  Fair  Lawn,  NJ)  in  sterile 
saline  (0.9%  NaCl,  Travenol  Laboratories,  Inc.,  Deerfield,  IL)]  and  chilled  on  ice  until 
fresh-tissue  tensiometry  was  performed,  which  was  within  1.5  hours  in  all  cases.  All  of 
the  wounds  were  excised  in  the  above  manner,  and  extreme  care  was  taken  to  avoid 
exerting  any  stress  on  the  wound  prior  to  its  tensiometric  measurements.  In  an  effort 
to  aid  in  this  respect,  the  skin  staples  were  not  removed  until  immediately  prior  to 
placing  the  skin  patches  in  PBS  buffer. 

Each  of  the  skin  patches  was  positioned  in  the  jaws  of  the  tensiometer  (Instron, 
Model  1130,  Instron,  Inc.,  Canton,  MA)  which  was  equipped  with  a  5000g  head;  the 
patch  was  oriented  with  the  scalpel  incision  parallel  to  the  edge  of  the  tensiometer's 
jaw.  In  the  event  that  the  skin  patch  was  dislodged  from  the  jaws  during  tensiometry, 
the  measurement  was  aborted.  Peak  breaking  forces  were  measured,  and  the  forces 
were  converted  to  strain  values  (g  force /incision  length)  based  on  the  length  of  the 
incision. 
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Statistical  Method 

The  tensiometric  data  were  transferred  manually  from  tensiograms  to  an  IBM 
Turbo  AT  computer  operating  with  the  statistical  software  SYSTAT  (SYSTAT,  Inc., 
Evanston,  IL).  This  software  package  was  then  utilized  to  analyze  the  data  and  calculate 
confidence  intervals  based  on  the  Wilcoxon  signed-rank  test. 


RESULTS 


Tensiometry 

All  wounds  showed  a  time-dependent  increase  in  tensile  strength  over  the  23 
day  period  (refer  to  Table  I).  However,  the  wounds  which  had  been  irradiated  with  54  J 
(2.0  W  beam)  showed  a  triphasic  tensile  strength  response.  Figure  1  illustrates  that  at 
postoperative  day  3,  the  irradiated  incisions  were  stronger  than  control  incisions  by  59% 
(p-0.05).  However,  for  postoperative  days  7  and  14,  the  irradiated  incisions  were 
weaker  by  44%  and  19%,  respectively  (p-0.01  for  both  days).  Then  by  postoperative  day 
23,  the  strength  of  the  irradiated  incisions  has  again  superceded  that  of  controls  by  29% 
at  the  90%  confidence  limit.  The  incisions  which  were  irradiated  with  94.5  J  (3.5  W 
beam)  were  consistently  weaker  than  those  of  controls,  as  depicted  in  Figure  2,  although 
only  the  point  at  day  14  is  statistically  significant  within  the  95%  confidence  interval. 
The  points  at  days  7  and  23  are,  however,  suggestive  of  reduced  tensile  strength  in  the 
94.5  J  (3.5  W)  irradiated  incisions. 

Histology 

Analysis  of  the  tissue  sections  revealed  several  remarkable  findings.  In  the 
animal  which  was  acutely  sacrificed,  the  54  J  (2.0  W)  irradiated  wound  showed  no 
destruction  of  the  epidermis  or  subjacent  dermal  stroma,  no  evidence  of  tissue  edema, 
and  was  identical  to  control  (refer  to  Figures  3  and  4).  The  94.5  J  (3.5  W)  irradiated 
wound,  however,  showed  a  zone  of  thermal  disruption  of  the  dermal  collagenous 


stroma  to  a  depth  of  0.6  mm,  leaving  the  reticular  dermis  unaffected;  substantial  tissue 
edema  was  noted  (refer  to  Figure  5).  On  postoperative  day  3,  an  augmented  coagulum 
was  seen  in  the  54  J  (2.0  W)  irradiated  wound  as  compared  to  control,  accompanied  by  a 
substantial  inflammatory  cell  infiltrate  throughout  the  dermis  (refer  to  Figures  6  and  7). 
Furthermore,  the  epithelial  bridging  of  the  incision  appeared  to  be  attenuated.  The 
sections  for  the  remaining  days  of  the  study  were  unremarkable  except  that 
reepithelialization  was  retarded  for  both  54  J  and  94.5  J  irradiations  until  day  14. 

Dermal  collagen  content  and  organization  appeared  to  be  similar  in  irradiated  and 
control  wounds  for  all  days  surveyed,  but  visual  quantitation  is  highly  subjective  and 


unreliable. 


DISCUSSION 


Recent  literature  in  the  field  of  medical  application  of  laser  irradiation  suggests 
that  some  of  the  currently  used  medical  lasers  may  be  utilized  for  purposes  other  than 
mere  tissue  abIation.7-K!7,i8  Laser-mediated  biomodulation  of  tissue,  either  in  vitro  or 
in  vivo,  is  a  new  field  of  investigation  in  which  the  laser  is  operated  at  energy  densities 
which  are  insufficient  to  effect  tissue  vaporization,  but  which  appear  to  be  sufficient  to 
cause  both  biostimulation  and  bioinhibition.  Both  types  of  modulation  appear  to  have 
some  energy  density  and  wavelength  specificity.9-'12-'1 5,17 

In  this  study  we  investigated  the  potential  use  of  the  KTP  laser  (532  nm 
wavelength)  as  a  biomodulatory  tool  when  operated  in  a  subablative  format.  Our 
tensiometric  data  indicate  that  the  KTP  laser  can  be  used  to  alter  the  normal  healing  by 
primary  intention  of  skin  wounds.  The  distinctly  different  results  obtained  from  the  54 
J  (2.0  W,  18  J/cm2)  and  94.5  J  (3.5  W,  31.5  J/cm2)  irradiations  show  that  the  tissue 
response  is  indeed  energy  density  dependent.  The  54  J  irradiation  produced  a  triphasic 
tensile  strength  response  as  evinced  by  an  initial  increase  in  tensile  strength  over 
control  at  day  3,  followed  by  a  decreased  tensile  strength  as  compared  to  control,  and 
concluded  by  another  increase  in  tensile  strength  by  postoperative  day  23.  Indeed,  the 
initial  increase  in  tensile  strength  at  postoperative  day  3  for  the  54  J  irradiation  could  be 
explained  by  local  vascular  injury  resulting  in  increased  vascular  permeability  with  a 
resultant  increase  in  fibrin  exudation;  this  hypothesis  is  supported  by  the  presence  of 


an  increased  coagulum  in  the  54  J  wound  at  day  3.  The  reduction  in  tensile  strength  of 
the  54  J  irradiated  wounds  on  days  7  and  14  is  probably  best  explained  by  a  transient 
cellular  injury  causing  the  release  of  proteases  which  may  delay  the  reparative  process, 
and  by  the  attenuated  reepithelialization  of  the  irradiated  incisions  (refer  to  Histology 
Results).  However,  under  this  schema  the  eventual  rise  in  tensile  strength  over  control 
by  day  23  is  enigmatic  unless  one  also  posits  a  concomitant  biostimulatory  effect  of  the 
laser.  In  contrast,  the  94.5  J  (3.5  W,  31.5  J/cm2)  irradiation  did  not  produce  a  triphasic 
response.  Instead,  these  irradiated  wounds  were  consistently  weaker  than  their 
matched  controls,  even  after  23  days  of  recuperation,  perhaps  as  a  result  of  irreparable 
cellular  and/or  microvascular  damage. 

Other  investigators  have  reported  that  the  helium-neon  laser  has  biostimulatory 
effects  on  collagen  synthesis  in  wound  healing  as  early  as  3  to  4  days  postop- 
eratively.13-14  As  we  have  demonstrated,  however,  the  response  to  54  J  (2.0  W)  KTP 
radiation  can  not  be  explained  mechanistically  in  such  simple  terms.  If  the  observed 
response  is  due  to  laser  biostimulation  of  collagen  synthesis  in  the  wound,  such  a 
stimulation  would  then  necessarily  be  followed  by  either  a  resultant  increase  in 
collagenase  activity  or  a  decrease  in  collagen  synthetic  activity,  or  both:  this  scenario 
would  be  in  agreement  with  our  observations,  but  upregulation  of  collagen  synthesis  is 
not  expected  as  early  as  three  days  postoperatively.  Alternatively,  the  54  J  (2.0  W) 
irradiation  may  cause  the  local  transient  release  of  various  tissue  trophic  factors  such  as 
epidermal  growth  factor  (EGF)  or  transforming  growth  factor -beta  (TGF-(3)  or  various 

mediators  of  the  inflammatory  response  such  as  interleukin-1  (IL-1)  and  other 
chemoattractants;  such  a  local  release  may  be  explained  by  local  microvascular  changes, 
especially  with  regard  to  the  endothelium,  which  are  mediated  by  intense  hemoglobin 
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absorption  of  the  KTP  beam.  While  these  various  tissue  factors  may  be  released  early 
after  laser  exposure,  their  biomodulatory  effects  may  be  initially  masked  by  protease 
release  from  transiently  injured  cells,  only  to  be  manifested  once  these  cells  have 
resumed  their  normal  metabolism.  The  consistently  weaker  wounds  for  the  94.5  J  (3.5 
W)  irradiation  could  be  explained  by  irreparable  microvascular  and  cellular  damage  to 
the  area,  causing  a  paucity  of  nutrients,  growth  factors,  and  inflammatory  cells 
necessary  to  promulgate  expedient  healing. 

We  have  shown  that  the  KTP  laser  can  be  used  in  a  subablative  format  to  effect 
alterations  in  normal  wound-healing  physiology.  The  changes  which  were  noted  on 
routine  light  microscopy  include  thermal  disruption  of  the  dermal  collagenous  stroma 
in  94.5  J  (3.5  W)  irradiated  wounds,  increased  wound  coagula  through  day  7  for  the  54  J 
(2.0  W)  irradiated  wounds,  and  attenuated  reepithelialization  through  day  14  for  both 
irradiences.  The  precise  molecular  mechanisms  accounting  for  the  observed  histologic 
and  tensiometric  changes  remain  obscure.  In  order  to  elucidate  these  mechanisms,  one 
must  employ  molecular  probing  techniques  for  biomolecules  such  as  messenger  RNAs 
(ribonucleic  acids)  for  collagen,  IL-1,  EGF,  and  TGF-p,  which  are  known  to  have  pivotal 

roles  in  wound  healing.  Such  probing  techniques  afford  the  localization  and 
quantitation  of  these  molecules  within  the  tissue.  Future  studies  of  this  sort  are 
planned  in  an  effort  to  characterize  more  precisely  the  biologic  response  to  the  KTP 


laser. 
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Table  1.  Tensiometric  data  for  laser  irradiated  incisions  and  their  respective 
controls . 


Postoperative  2.0W 

Day  Irradiation 

2.0W 

Control 

3.5W 

Irradiation 

3.5W 

Control 

3 

317.7  ±  34.0 
(n=7) 

200.2  ±  44.2 
(n=9) 

241.9  ±  18.2 
(n=7) 

262.2  *  15.5 
(n=9) 

7 

263.9  ±  39.5 
(n=8) 

470.2  ±  69.1 
(n=8) 

276.8  ±  38.4 
(n=8) 

472.2  ±  53.1 
(n=8) 

14 

743.9  ±  40.3 
(n=8) 

921.1  ±  63.4 
(n=7) 

655.1  ±  41.9 
(n=8) 

854.9  ±  68.1 
(n=8) 

23 

1909  i  154 
(n=8) 

1480  ±  63.3 
(n=5) 

1689  ±  207 
(n=8) 

2145  ±  194 
(n=7) 
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LEGEND  FOR  TABLE  1 


The  values  represent  average  breaking  strain  (g  force  per  cm  incision  length) 
for  the  indicated  incisions.  The  numbers  in  parentheses  represent  the  number 
of  animals  used  per  trial,  and  the  tolerance  values  are  standard  errors  of  the 
means.  Controls  are  unirradiated  scalpel  incisions  on  the  contralateral  side 
of  the  animal. 
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LEGEND  FOR  FIGURE  1 


Graph  illustrates  temporal  profile  of  tensiometric  data  for  two  watt  irradiated 
incisions  and  their  matched  controls.  The  open  boxes  (W2AVG)  represent  mean  stress 
values  for  the  two  watt  irradiated  incisions  on  the  given  days,  and  the  solid  boxes 
(W2CAVG)  represent  mean  values  for  the  two  watt  matched  control  incisions.  Error 
bars  represent  standard  errors  of  the  mean.  The  p  values  were  calculated  using 
the  Wilcoxon  signed-rank  test. 


Figure  2 

Tensiometry  for  3.5 W  KTP 
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LEGEND  FOR  FIGURE  2 


Graph  illustrates  temporal  profile  of  tensiometric  data  for  3.5  watt  irradiated 
incisions  and  their  matched  controls.  The  open  boxes  (W3AVG }  represent  mean  stress 
values  for  the  3.5  watt  irradiated  incisions  on  the  given  days,  and  the  solid  boxes 
(W3CAVG )  represent  mean  values  for  the  3.5  watt  matched  control  incisions.  Error 
bars  represent  standard  errors  of  the  mean.  The  p  values  were  calculated  using 


the  Wilcoxon  signed-rank  test. 
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Legend  for  Figure  3 

Figure  3:  Photomicrograph  of  an  unirradiated  (control)  incision  harvested  from  an 
animal  which  was  acutely  sacrificed.  Note  the  normal  appearing  epithelial  layer 
(arrowhead)  and  subjacent  dermal  stroma  without  tissue  edema.  A  small  amount 
of  coagulum  is  seen  in  the  incisional  space.  Original  magnification  160  X. 
Verhoeff's  elastin  stain. 
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Legend  for  Figure  4 

Figure  4:  Photomicrograph  of  a  54J  (2.0W)  irradiated  incision  from  an  acutely 
sacrificed  animal.  Note  again  trie  normal  appearing  epithelial  layer  (arrowhead) 
adjacent  to  the  incision,  the  intact  dermal  stroma,  and  the  absence  of  tissue  edema. 
Original  magnification  160  X.  Verhoeff's  elastin  stain. 
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Legend  for  Figure  5 

Figure  5:  Photomicrograph  of  a  94.5]  (3.5W)  irradiated  incision  from  an  acutely 
sacrificed  animal.  Note  now  that  although  the  epithelial  layer  remains  intact 
(arrowhead),  the  superficial  edge  of  the  insision  appears  dark  with  slight  eschar,  and 
a  zone  of  disorganized  dermal  collagen  is  seen  to  a  depth  of  0.6  mm  with  significant 
accompanying  edema.  Original  magnification  160  X.  Verhoeff's  elastin  stain. 
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Legend  for  Figure  6 

Figure  6:  Photomicrograph  of  an  unirradiated  incision  at  3  days  following  surgery. 
Note  that  the  borders  of  the  regenerating  epithelial  bridge  (arrows)  are  nearly 
apposed,  that  there  are  few  inflammatory  cells  present,  and  that  there  is  no  apparent 
tissue  edema.  A  small  amount  of  coagulum  is  seen  in  the  incision.  Original 
magnification  160  X.  Verhoeff's  elastin  stain. 
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Legend  for  Figure  7 

Figure  7:  Photomicrograph  of  a  54J  (2.0W)  irradiated  incision  at  postoperative  day  3. 
In  comparison  to  postoperative  day  3  control  (Figure  6),  note  the  attenuated 
reepithelialization  (arrows  indicate  epithelial  borders),  the  dense  population  of 
inflammatory  cells  within  the  dermis  (arrowhead),  and  the  augmented  coagulum  in 
the  incision.  Original  magnification  160  X.  Verhoeff's  elastin  stain. 
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Legend  for  Figure  7 

Figure  7:  Photomicrograph  of  a  54J  (2.0W)  irradiated  incision  at  postoperative  day  3. 
In  comparison  to  postoperative  day  3  control  (Figure  6),  note  the  attenuated 
reepithelialization  (arrows  indicate  epithelial  borders),  the  dense  population  of 
inflammatory  cells  within  the  dermis  (arrowhead),  and  the  augmented  coagulum  in 
the  incision.  Original  magnification  160  X.  Verhoeff's  elastin  stain. 
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ABSTRACT 


Most  current  CO2  laser  micromanipulators  for  microlaryngoscopy 
experience  the  parallax  aiming  problem.  This  occurs  when  the  beam 
mirror  is  offset  below  the  optical  path  for  the  microscope,  making  use  of 
the  laser  difficult  through  small  laryngoscopes  or  in  pediatric  patients. 
The  newer  "hot  mirror  technology"  micromanipulators  that  are  now 
available  overcome  this  problem. 

In  addition  to  providing  a  laser  beam  coincident  with  the  optical 
path,  the  newer  units  offer  much  smaller  spot  sizes  (250-micron  diameter 
at  400-mm  focal  length),  but  all  partially  absorb  some  of  the  light 
available  for  illumination.  To  quantitate  this,  optical  absorption  spectra 
were  determined  for  five  "hot  mirrors”.  Clinical  experience  with  more 
than  100  cases  has  demonstrated  the  advantages  of  these  new  mirrors  to 
minimize  mucosal  thermal  damage  and  give  improved  exposure  for 
subglottic  and  pediatric  laryngoscopy. 

Key  Words:  CO2  laser,  micromanipulator,  parallax 
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INTRODUCTION 


The  carbon  dioxide  laser  has  been  used  for  endolaryngeal  procedures 
since  the  early  1970's  when  Jako  demonstrated  the  safety  and 
effectiveness  of  this  tool  on  dogs1 .  The  micromanipulators  for  these 
early  lasers  had  a  much  larger  minimum  spot  size  compared  with  the 
standard  microscope  micromanipulator  that  is  currently  available. 
Originally,  the  minimum  spot  size  was  approximately  1  mm  in  diameter. 
The  second  generation  micromanipulators  used  with  carbon  dioxide  lasers 
had  a  spot  size  of  approximately  800  microns,  and  the  newest  generation 
of  which  this  report  is  concerned.have  minimum  spot  sizes  on  the  order  of 
250  microns. 

As  a  consequence  of  engineering  limitations  involved  with  the 
diameter  of  the  raw  beam  from  the  laser,  the  beam  path  of  these  early 
micromanipulators  was  offset  below  the  optical  path  link  in  the 
microscope.  This  resulted  in  frequent  instances  where  the  CO2  beam 

impacted  on  the  rim  of  the  laryngoscope  or,  worse  yet,  on  the  lip  of  the 
patient,  as  the  beam  originated  from  below  the  optical  path  and  traveled 
upward  to  meet  the  optical  path  at  a  distance  of  400  mm.  The  mirror  was 
offset  in  order  to  provide  a  large  enough  reflecting  surface  for  the  CO2 
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beam  without  impending  on  the  medial  field  of  view  through  the 
microscope. 

The  newest  generation  of  micromanipulators  employ  a  "hot  mirror" 
that  allows  the  carbon  dioxide  beam  to  be  directed  coincident  with  the 
optical  path,  eliminating  this  problem.  It  has  been  noted  that  each  of  these 
hot  mirrors  subjectively  degraded  the  optical  spectrum  and  altered  the 
color  balance  of  the  target  tissues. 

In  order  to  more  fully  evaluate  the  problems  with  the  early 
micromanipulators  this  study  was  undertaken  to  measure  the  extreme  of 
the  parallax  problem  in  representative  early  micromanipulators  and  to 
characterize  the  optical  characteristics  of  these  "hot  mirrors". 


THE  PARALLAX  PROBLEM 

Carbon  dioxide  laser  micromanipulators  without  a  "hot  mirror"  use  a 
front  surfaced  mirror  to  redirect  the  carbon  dioxide  and  aiming  beams 
down  the  laryngoscope.  This  front  surfaced  mirror  is  reflective  for  both 
the  carbon  dioxide  wavelength  as  well  as  the  632  mm  wavelength  of  the 
helium  neon  aiming  beam.  The  diameter  of  the  raw  beam  emerging  from 
the  lens  assembly  on  the  micromanipulator  is  of  a  size  that  would  require 
the  front  surfaced  mirror  to  be  larger  than  would  be  allowed  to  fit 
between  the  independent  optical  paths  for  each  eye  (at  the  objective  lens 


4 


level  of  the  microscope).  If  the  mirror  were  situated  in  this  position,  a 
significant  limitation  to  the  nasal  field  of  view  would  be  encountered  for 
each  eye.  To  overcome  this  limitation,  the  front  surfaced  mirrors  are 
mounted  below  the  optical  path  length  (Figure  1).  In  some  laser 
micromanipulators  the  front  surface  mirror  is  mounted  as  much  as  1  cm 
or  more  below  the  optical  path  length  (Sharplan  719  M). 

Difficulties  arise  when  using  pediatric  laryngoscopes,  or  when  using 
laryngoscopes  or  subglottiscopes  with  limited  vertical  opening  heights. 
The  proximal  opening  available  on  pediatric  laryngoscopes  and  some 
subglottiscopes  often  is  as  small  as  1  cm  in  vertical  height,  due  to 
anatomic  limitations. 

A  situation  then  results  where  the  surgeon  may  be  able  to  see  the 
target  at  a  distance  of  400  mm  from  the  objective  lens,  but  the  carbon 
dioxide  laser  beam  directed  up  from  below  the  optical  path  length  then 
impacts  on  the  rim  of  the  laryngoscope  (Arrow,  Figure  1).  Anecdotal  cases 
have  been  related  to  the  two  senior  authors  (RHO  and  JW)  where 
inadvertent  burns  of  the  patient's  upper  lip  have  occurred  when  this 
problem  has  not  been  recognized. 

This  parallax  error  (the  variation  between  the  optical  path  and  the 
laser  beam  path)  has  limited  the  potential  applications  of  the  carbon 
dioxide  laser  for  some  pediatric  and  subglottic  applications.  This  parallax 
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error  problem  was  resolved  by  the  development  of  the  "hot  mirror 
technology",  which  employs  a  lens  placed  in  the  optical  path  itself. 

Through  the  development  of  proprietary  dichroic  coatings  these  lenses  are 
capable  of  reflecting  the  carbon  dioxide  laser  beam  (and  in  some  cases  the 
helium  neon  beam  as  well)  coincident  with  the  optical  path  down  the 
laryngoscope  (Figure  2).  This  results  in  the  surgeon  visualizing  the  target 
directly  and  may  be  described  as  "if  you  can  see  it  you  can  hit  it"  which 
was  not  the  case  with  the  early  micromanipulators. 

Coherent  Medical  (Palo  Alto,  California)  was  one  of  the  first 
companies  to  employ  this  hot  mirror  technology  in  a  standard 
micromanipulator.  This  micromanipulator  still  had  a  spot  size  of  800 
microns  at  400  mm  focal  length  but  was  the  first  parallax  free 
micromanipulator  available.  Since  the  development  of  this 
micromanipulator,  advances  in  engineering  and  technology  have  allowed 
the  development  of  other  hot  mirror  micromanipulators  with  much  smaller 
spot  sizes  (i.e.  the  new  generation  microspot  micromanipulators).  These 
newer  hot  mirror  micromanipulators  are  capable  of  producing  spot  sizes 
of  300  to  250  microns  in  diameter  at  400  mm  focal  length.  It  has  been 
noted  by  most  surgeons  operating  with  hot  mirrors  that  there  is  a 
subjective  decrease  in  the  available  light  that  is  reflected  back  to  the 
surgeon  through  these  lenses  and  that  there  is  also  a  subtle  subjective 
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alteration  in  color  balance.  This  is  due  to  the  dichroic  coatings  that  are 
employed  on  the  hot  mirrors.  To  quantitate  this  optical  degradation,  the 
optical  characteristics  of  each  of  the  hot  mirrors  commercially  available 
was  performed. 

MATERIALS  AND  METHODS 

The  hot  mirror  lens  assemblies  from  four  different  manufacturers 
were  obtained  for  testing.  A  prototype  hot  mirror  as  well  as  a  production 
hot  mirror  was  obtained  from  Sharplan  Lasers,  Inc.  (Allendale,  New 
Jersey).  Hot  mirrors  were  also  tested  from  Coherent  Medical  (Palo  Alto, 
California),  Heraeus  LaserSonics,  Inc.  (Milpitas,  California),  and  I.L.  Med, 
Inc.  (Walpole,  Massachusetts). 

A  Hewlett  Packard  8452A  diode  array  UV-visible  spectrophotometer 
was  used  for  all  testing.  The  hot  mirrors  were  compared  to  an  air 
reference  standard.  Optical  spectra  were  obtained  between  400  nm. 
wavelength  (near  UV)  to  700  nm  wavelength  (near  infrared). 

RESULTS 

The  optical  spectra  for  each  of  the  five  hot  mirrors  tested  is 
represented  in  figure  3.  Absorbance  is  defined  as  the  logarithmic  ratio  of 
incident  light  to  transmitted  light.  From  the  graphs  it  can  be  seen  that  all 
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hot  mirrors  reduce  the  available  light  by  a  smaller  factor  in  the  middle  of 
the  spectrum  than  at  either  extremes.  Also,  since  the  optical  spectrum  is 
not  flat,  this  implies  that  the  subjective  color  balance  that  the  surgeon 
would  view  when  looking  through  the  hot  mirrors  would  not  be  identical  to 
normal  vision. 

The  prototype  Sharplan  hot  mirror  demonstrated  a  significant 
absorption  when  compared  to  the  production  version  of  the  mirror.  The 
Coherent  and  I.L.  Med  hot  mirrors  have  identical  spectra  with  fairly  low 
optical  absorbance.  All  of  the  mirror-  nrtially  absorb  some  of  the 
available  light. 

DISCUSSION 

There  are  some  subtle  differences  between  the  hot  mirrors  from 
"'ach  corporation.  The  Heraeus  hot  mirror  assembly  was  the  first  on  the 
market  and  does  not  use  a  helium  neon  aiming  beam.  Instead,  the  Heraeus 
unit  uses  a  virtual  image  aiming  dot  that  is  provided  by  a  light  emitting 
diode  that  must  be  aligned  witn  the  CO2  beam  in  a  test  f:ring  procedure 

prior  to  use  on  the  patient2-3.  The  Sharplan  hot  mirror  assembly  uses  a 
unique  coating  which  not  only  reflects  the  carbon  dioxide  wavelengths  but 
also  reflects  the  632  wavelength  of  the  helium  neon  aiming  beam  as 
well4.  The  Coherent  and  I.L.  Med  units  both  utilize  a  very  small  mirror  in 
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the  center  of  the  optical  assembly  to  reflect  the  helium  neon  beam  while 
the  remainder  of  the  assembly  contains  the  coating  for  the  carbon  dioxide 
beam. 

The  Heraeus  hot  mirror  assembly  is  capable  of  producing  microspot 
sizes  on  the  order  of  300  microns  in  diameter  while  the  others  have 
produced  spot  sizes  of  250  microns  in  diameter2-4.  These  small  spot 
sizes  are  not  the  result  of  the  hot  mirror  assembly  alone,  in  fact  the  hot 
mirror  assembly  does  not  contain  any  focusing  apparatus  as  such.  Rather, 
the  lens  assemblies  that  are  mounted  above  the  hot  mirror  focus  the 
carbon  dioxide  beam  which  is  merely  reflected  off  the  mirror  assembly  to 
its  final  small  spot  size.  It  should  be  noted  that  the  I.L.  Med  unit  uses  a 
unique  approach  to  achieving  its  small  spot  size  by  mounting  the  laser 
itself  within  close  proximity  to  the  lenses  and  mirror.  This  is  in  contrast 
to  each  of  the  other  units  in  which  an  articulated  arm  assembly  is  used  to 
redirect  the  beam  from  the  laser  to  the  micromanipulator. 

Prototype  or  working  models  of  the  microspot  micromanipulators 
with  the  hot  mirror  assemblies  have  been  used  at  our  institution  for  over 
2  years.  To  date,  over  100  cases  have  been  completed  using  these  micro 
spot  micromanipulators.  While  in  the  past  it  was  difficult  and  frequently 
impossible  to  obtain  adequate  exposure  for  laser  applications  in  the 
subglottis,  or  to  perform  pediatric  microlaryngoscopy  with  the  CO2  laser, 
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it  is  now  a  routine  part  of  our  practice.  The  absence  of  the  parallax 
problem  encountered  with  previous  micromanipulators  combined  with  the 
small  spot  sizes  has  enabled  the  carbon  dioxide  laser  to  be  applied  to 
smaller  patients  and  more  limited  surgical  exposures.  Pediatric  and  adult 
subglottic  stenoses  have  been  treated  with  sequential  micro-trapdoor 
flaps,  and  the  necessity  of  an  open  laryngotracheoplasty  has  been 
avoided^.  We  believe  this  technology  to  be  the  new  standard  of  care  for 
most  of  our  microlaryngeal  carbon  dioxide  laser  applications. 


CONCLUSION 

Previous  micromanipulators  had  unfortunate  problems  with 
alignment  that  allowed  the  CO2  beam  to  impact  on  the  rim  of  the 

laryngoscope  or  on  the  patient  due  to  beam  offset  from  the  optical  path. 
The  new  generation  of  micro  spot  micromanipulators  with  hot  mirror 
technology  has  solved  the  parallax  problem  of  exposure  to  the  distal 
subglottis  in  adults,  and  for  the  larynx  in  pediatric  patients.  The  newer 
micromanipulators  have  been  in  use  now  for  over  2  years  and  in  greater 
than  100  patients  and  have  been  found  to  be  an  absolute  necessity  for  the 
performance  of  certain  procedures.  We  believe  these  new  units  to  be  the 
new  standard  of  instrumentation  for  use  in  endoscopic  microlaryngeal 
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LEGENDS 


Figure  1.  Micromanipulator  with  parallax  error.  Laser  beam  is  offset 
below  the  optical  path.  Note  potential  impact  of  laser  beam  with  rim  of 
laryngoscope  or  patient’s  lip  (arrow). 

Figure  2.  Micromanipulator  with  "hot  mirror"  lens.  Laser  beam  path  is 
coincident  with  optical  path. 

Figure  3.  UV-visible  absorbance  spectra  for  the  prototype  (Si)  and 
production  (S2)  Sharplan,  Coherent  ,I.L.  Med  and  Heraeus  mirrors. 
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INTRODUCTION 

The  optical  laser  was  first  developed  in  1960.  Among  the 
first  medical  applications  for  lasers  was  the  dermatologic 
application  of  this  Ruby  laser  in  1964.  Since  that  time,  the 
application  of  lasers  in  medical  and  surgical  uses  has  grown 
quite  extensively.  Within  the  field  of  otolaryngology,  Jako 
began  his  pioneering  work  in  1967  with  the  use  of  the  Carbon 
Dioxide  laser  for  laryngeal  applications.  Also  in  1967,  Sataloff 
reported  the  first  applications  of  Neodymium  and  Ruby  lasers  for 
otosclerosis.  The  acceptance  of  lasers  within  the  field  of 
otolaryngology  has  progressed  to  the  point  now,  that  the  American 
Board  of  Otolaryngology  recommends  that  each  residency  program 
provide  residents  with  experience  and  instruction  in  safety  and 
use  of,  at  a  minimum,  the  Carbon  Dioxide  laser.  The  list  of 
types  of  lasers  in  routine  use  within  the  field  of 
Otolaryngology-Head  and  Neck  Surgery  is  growing  daily  with  a 
partial  list  that  includes  the  Carbon  Dioxide,  Argon,  ND:YAG, 

KTP  and  Flash  Lamp  or  Argon  Pumped  Dye  Lasers.  Experimental 
lasers  which  have  not  yet  received  FDA  approval  for 
otolaryngology  applications,  but  which  may  hold  potential  for  the 
future  include  the  Excimer  lasers  and  other  near  and  mid  infrared 
laser  such  as  the  Erbium  YAG  and  Holmium  YAG.  One  of  the  future 
lasers  under  development  as  an  off-shoot  of  the  strategic  defense 
initiative  is  the  Tunable  Free  Electron  Laser.  This  laser, 
although  still  experimental,  eventually  has  the  potential  for 
being  tunable  from  X-ray  wavelengths  to  far  infrared,  and  provide 
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power  levels  ranging  from  milliwatts  to  megawatts.  This  laser 
may  eventually  be  the  ultimate  answer  to  the  guestion  of  (Which 
laser,  When  and  Why?) 

Vital  to  understanding  the  current  and  future  laser 
instruments  and  applications  is  an  understanding  of  three 
principle  parameters  of  laser  energy:  wavelength,  power  density, 
and  timing.  In  addition,  its  also  necessary  to  have  an 
understanding  of  the  interaction  of  these  three  parameters  with 
biological  tissue  to  fully  appreciate  the  range  of  biological 
effects  that  result. 

This  chapter  is  a  brief  introduction  to  laser  biophysics. 
This  will  include  the  generation  of  the  laser  beam,  the 
transmission  of  the  laser  beam  to  the  tissue,  and  the 
understanding  of  some  of  the  limitations.  In  addition,  this 
chapter  will  introduce  the  concept  of  optical  biophysics  i.e.  an 
introduction  to  the  interaction  of  light  with  tissue  and  the 
resulting  biological  effects. 


HISTORY 

The  ideological  basis  for  the  concept  of  the  laser  was 
proposed  in  the  late  19th  Century  with  atomic  Quantum  Theory. 
Einstein  in  1917  predicted  the  existence  of  a  phenomenon  known 
as  the  stimulated  emission  of  energy  from  atoms.  This  was  only  a 
theory  until  Schawloss  and  Towns  in  1958  developed  the  first 
working  maser  (microwave  application  by  stimulated  emission  of 
radiation) .  They  were  awarded  the  Nobel  Prize  for  this.  (Chester 
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Gould)  The  maser  operating  in  the  microwave  length  was 
invisible.  The  first  visible  laser  (Light  Application  by 
Stimulated  emission  of  Radiation)  was  invented  in  1960  by  Maiman. 
Advances  came  quickly  with  the  development  of  the  gas  laser  in 
1961  by  Javan,  the  Neodymium  Glass  Pulse  laser  by  Johnson  in  1961 
and  the  C02  laser  by  Patel  in  1964.  The  Ruby  laser  invented  by 
Maymen  in  I960  was  first  applied  for  medical  applications  by  Leon 
Goldman  in  the  field  of  dermatology  for  the  treatment  of  port- 
wine  stains  with  moderate  success.  Sataloff  in  1967  reported 
the  effects  of  Neodymium  Glass  lasers  and  Ruby  lasers  used  for 
stapedotomy  and  otosclerosis  with  some  success.  Since  that  time, 
the  introduction  of  the  Argon  laser,  Neodymium  YAG  laser,  KTP 
laser.  Argon  Pump  Dye  and  Flash  Lamp  Pump  Dye  have  all  been  shown 
to  have  unique  and  beneficial  applications  within  the  field  of 
medicine  and  surgery. 

The  future  history  of  laser  development  applications  looks 
very  bright.  In  the  near  future,  head  and  neck  applications  of 
the  Excimer  (near  ultraviolet)  and  newer  infrared  lasers  such  as 
the  Erbium  YAG  (2.9  micron  wavelength)  and  Holmium  YAG  (2.12) 
show  great  promise. 

Within  the  field  of  otology,  the  C02  laser,  KTP  and  Argon 
laser  have  been  the  lasers  most  studied  and  used.  Each  laser  has 
some  distinct  advantages  based  on  understanding  of  their 
wavelength/tissue  effects  and  each  in  turn  has  several  distinct 
disadvantages  which  will  be  covered  more  in  depth  in  the  section 
on  laser  tissue  interaction. 


5 


BASIC  LASER  PHYSICS 

In  this  section,  we  will  explain  the  generation  of  the  laser 
beam  itself,  and  include  some  description  of  the  various  laser 
systems  relating  to  the  types  of  lasers  and  the  delivery  systems 
that  are  unique  for  each  laser. 

GENERATION  OF  A  LASER  BEAM 

The  basic  phenomenon  of  lasing  takes  place  usually  at  the 
atomic  level,  although  certain  lasers  such  as  the  Argon  laser  use 
ions,  and  the  Carbon  Dioxide  laser  uses  molecules.  For  purposes 
of  the  initial  discussion  here,  we  will  discuss  the  generation  of 
a  laser  beam  from  a  single  atom.  The  atom  is  generally 
represented  as  a  core  of  neutrons  and  protons  surrounded  by  a 
cloud  of  electrons  located  in  discrete  orbitals.  Those  orbitals 
that  are  more  distant  from  the  nucleus  contain  electrons  of 
higher  energies.  These  energies  are  directly  related  to  the 
distance  from  the  nucleus.  In  the  early  19th  Century,  the  atomic 
Quantum  Theory  proposed  that  each  of  these  discrete  orbitals  are 
separate  and  independent.  This  implied  that  there  was  not  a 
continuous  gradation  of  energies  between  orbitals  and  that  a 
unique  energy  was  necessary  to  change  the  electron  from  one 
orbital  to  another  orbital.  The  most  stable  configuration  of  an 
atom  is  called  the  ground  state.  This  state  represents  the 
lowest  possible  energy  present  within  that  particular  atom. 

When  atoms  absorb  energy,  these  electrons  are  elevated  to 
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higher  energy  levels.  An  excited  electron  may  spontaneously 
this  energy  and  decay  back  to  a  lower  orbit  (lower  energy 
state) .  This  energy  released  must  correspond  by  the  laws  of 
conservation  of  energy  to  the  energy  that  was  originally  placed 
into  the  system  to  excite  this  electron  to  a  higher  energy  level 
in  the  first  place.  This  energy  may  be  released  as  a  photon  (as 
light)  and/or  as  heat,  (as  kinetic  energy) .  This  release  of 
energy  may  occur  in  several  transitions  or  in  one  large 
transition.  The  spontaneous  release  of  energy  if  it  is  omitted 
as  light,  is  called  spontaneous  emission.  Molecular  lasing 
differs  somewhat  from  atomic  lasing  in  that  molecules  are  much 
more  complex  structures.  Not  only  do  molecules  have  unique 
electron  orbitals  as  earlier  stated,  but  they  also  have 
rotational  and  vibrational  modes  that  may  also  represent  higher 
energy  states.  As  molecules  increases  in  size  or  the  number  of 
atoms,  the  potential  number  of  energy  levels  increases.  Large 
organic  molecules  that  form  the  substrate  for  lasing  in  an  Argon 
Pumped  Dye  laser  thus  can  be  responsible  for  a  broad  range  of 
output  wavelengths. 

Stimulated  emission  of  energy  was  proposed  by  Einstein  in 
1917,  as  was  predicted  from  Quantum  Theory.  Energy  transitions 
must  be  initiated  by  input  of  energy  of  the  appropriate  discrete 
amounts.  A  photon  entering  the  system  of  appropriate  energy  level 
may  trigger  the  decay  of  an  excited  electron.  This  decay 
transition  again  may  occur  in  one  or  in  several  steps  and  may 
result  in  the  emission  of  a  photon.  Stimulated  emission  may 
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occur  only  when  the  incident  photon  has  the  same  energy  as  the 
photon  that  is  released.  This  triggers  a  chain  reaction  with  the 
result  that  one  photon  results  in  the  release  of  two,  and  these 
two  photons  may  stimulate  the  release  of  four  photons.  Thus,  the 
final  result  is  an  increase  in  the  photons  of  identical  energy 
and  in  a  simultaneous  and  in-parallel  vector.  Additionally,  the 
photon  that  is  released  is  temporally  locked  to  the  oscillations 
of  the  first  photon.  The  final  result  is  that  the  incident  of 
photon  and  the  emitted  photon  are  coherent,  monodramatic  and 
spatially  and  temporally  aligned.  If  all  of  the  atoms  in  a 
lasing  medium  exist  in  an  excited  state,  then  the  incident  photon 
can  initiate  a  cascade  very  similar  to  a  nuclear  fusion  reaction. 
One  photon  can  yield  two,  two  photons  can  yield  four  and  so  on, 
on  a  chain  reaction.  This  can  only  occur  provided  that  all  of 
the  atoms  in  the  lasing  medium  are  at  a  higher  energy  state  than 
the  ground  state.  When  more  than  half  of  the  atoms  in  such  a 
system  are  in  the  excited  state,  the  system  is  said  to  be  in 
population  envision.  Lasing  can  only  continue  when  the  atoms 
are  kept  in  a  population  aversion.  Should  for  instance,  a 
lasing  medium  be  brought  up  into  an  excited  state,  and  then 
stimulated,  this  would  result  in  one  very  brief,  very  intense 
pulse,  and  this  is  the  mechanism  of  functioning  for  certain  of 
the  lasers  which  will  be  discussed  later.  If  one  wished  to 
maintain  a  continuous  wave  output  from  a  laser,  then  energy  must 
be  continuously  applied  to  the  system  to  keep  the  atoms  in  such  a 
population  inversion. 
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The  direct  emission  of  photons  from  such  a  stimulated 
system  may  be  random.  Photons  may  exit  the  system  from  the  side 
walls,  but  some  of  the  photons  eventually  are  going  to  start 
traveling  parallel  to  the  long  path  of  the  lasing  cavity.  A 
laser  is  composed  of  lasing  cavity  with  mirrors  on  either  end  to 
reflect  these  photons  back  into  the  system.  These  photons, 
traveling  back  and  forth  between  the  two  mirrors,  are  able  to 
continue  this  photon  chain  reaction  occurring  in  a  longitudinal 
axis  and  reinforce  the  laser  beam  by  this  method.  Photons  that 
are  randomly  scattered  from  the  system  and  exiting  from  another 
direction  other  than  long  axis  of  the  lasing  medium,  are  then 
lost  to  the  system  and  often  converted  to  heat.  This  is  the 
reason  that  many  of  these  lasers  need  quite  extensive  cooling 
systems  (either  air  cooled  or  water  cooled  systems) .  This  is 
also  the  reason  that  most  lasers  have  a  very  low  operating 
efficiency.  For  example,  for  an  efficient  carbon  dioxide  laser 
has  an  operating  efficiency  of  only  15%  or  less. 

The  two  mirrors  of  this  system  may  either  be  100%  reflective 
mirrors  in  which  case  the  laser  would  continue  to  build  up  in 
energy  within  the  tube  until  eventually  the  mirror  was  destroyed, 
or  partially  reflecting  allowing  a  continuous  beam.  Another 
system  uses  a  mirror  in  a  shutter,  and  when  the  light  to  be 
released  in  one  very  strong  pulse.  This  system  which  allows  for 
a  build-up  of  a  very  powerful  pulse  is  employed  in  some  of  the 
Nd : YAG  Q  switch  lasers  and  will  be  discussed  later.  Most  often, 
one  of  the  mirrors  is  totally  reflecting  while  the  other  allows  a 
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portion  of  the  light  to  escape.  This  produces  a  continuous  wave 
beam  (providing  of  coarse  energy  is  continuously  applied  to  the 
system  to  keep  the  atoms  in  a  population  of  inversion) .  There  is 
a  precise  relationship  between  the  wavelength  output  and  the 
distance  between  the  mirrors.  The  mirrors  must  be  an  integral 
wavelength  distance  separate  from  one  another.  Otherwise, 
standing  waves  within  the  system  would  serve  to  decrease  the 
output  efficiency  of  the  laser  cavity. 

The  relationship  between  the  energy  and  wavelength  of  a 
photon  is  expressed  via  the  constant  in  the  following  equation  E 
=  HV  where  E  is  energy,  V  is  the  frequency  and  H  is  Plank's 
constant  (6.626  x  10  the  “34  Joule  seconds).  From  this  equation, 
it  can  be  seen  that  the  energy  in  a  photon  is  directly 
proportional  to  the  frequency.  From  the  relationship  LV=C  where 
L  is  the  wavelength,  V  is  the  frequency  and  C  is  the  speed  of 
light,  it  can  be  seen  that  the  frequency  is  inversely 
proportional  to  wavelength.  The  implications  here  are  that  short 
wavelength  ultraviolet  and  blue  light  have  higher  energy  than 
longer  wavelength  red  or  infrared  light. 

The  relationship  between  energy  and  wavelength  is  very 
important.  When  considering  both  the  absorption  and  emission  of 
light  by  an  atom  or  molecular  species,  if  the  transition  from  the 
ground  state  to  the  excited  state  requires  an  amount  of  energy 
that  is  equal  to  the  energy  in  an  incident  photon,  then  that 
photon  is  easily  absorbed.  Conversely,  the  energy  decay  back  to 
a  ground  state  is  accompanied  by  the  emission  of  a  photon  of 
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specific  wavelength  based  on  the  energy  and  the  transition.  The 
implications  from  this  are  that  different  species  of  atoms  have 
different  absorption  spectra  and  thus  the  emission  spectra,  (or 
laser  output  wavelength) .  Specific  atomic  and  molecular  species 
are  unique  and  possess  discrete  energy  characteristics  for  each 
electron  orbital. 

Characteristics  of  Laser  Light 

From  the  previous  discussion,  it  can  be  seen  that  the 
mechanics  of  generating  a  laser  beam  results  in  the  generation  of 
light  that  is  unique  from  normal  light.  Normal  light  such  as 
that  from  the  sun  or  from  a  light  bulb  is  composed  of  multiple 
wavelengths  traveling  in  various  directions  at  different  time 
frames.  Laser  light  has  three  basic  characteristics  that  are 
unique.  One,  laser  light  is  monochromatic.  Since  the  photons 
are  emitted  from  a  homogeneous  population  of  atoms  or  molecules, 
all  must  come  from  the  same  energy  transitions.  These  photons 
are  all  of  identical  wavelength.  This  monochromaticity  is  unique 
to  lasers  and  enables  tunable  lasers  to  target  specific 
biomolecules  having  absorption  at  that  characteristic  wavelength. 
Two,  laser  light  is  coherent.  All  of  the  photons  in  a  laser 
beam,  because  they  are  stimulated  by  the  same  initial  photon, 
oscillate  together  in  phase .  This  coherence  of  the  output  of 
photons  permits  focusing  the  beam  into  a  very  small  spot  to 
create  extremely  high  power  densities.  Three,  laser  light  is 
collimated.  Because  of  the  design  of  the  laser  cavity,  the 
output  energy  is  concentrated  into  a  narrow  minimally  divergent 
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beam.  For  example,  in  a  surgical  C02  laser,  the  beam  can  be 
directed  down  the  center  of  a  long  articulated  arm  to  be  focussed 
at  the  end  by  lens  and  hand  piece  or  a  micromanipulator.  Because 
there  is  minimal  diversions  of  the  beam,  there  is  very  little 
energy  lost  in  this  transmission  within  the  articulated  arm. 
Timing  of  the  Laser  Beam 

The  laser  beam  can  either  be  continuous  (i.e.  on  all  the 
time)  or  may  be  intermittent  or  pulsed.  Laser  pulses  can  be 
generated  from  the  femtosecond  (10-15  second)  all  the  way  up  to 
multiple  seconds  of  pulses  by  several  different  means.  These 
mechanisms  of  pulsing  a  laser  beam  range  from  physical  pulsing  by 
means  of  a  shutter,  to  pulsing  the  energy  input  into  a  laser 
medium,  to  using  a  optical  shutter  within  the  cavity  to  release 
all  of  the  energy  at  a  short-time  duration. 

Nanosecond  pulses  are  generated  within  an  Nd : YAG  laser 
through  a  mechanism  called  Q-switching.  This  is  most  commonly 
used  in  the  ophthalmologic  lasers.  The  flash  lamp  within  ar 
Nd:YAG  laser  stimulates  the  YAG  crystal  to  generate  the  laser 
pulse.  At  either  end  of  the  YAG  crystal  is  a  100%  reflective 
mirror.  In  the  simplest  of  Q-switching  cases,  one  of  these 
mirrors  is  rotating  very  fast  and  constrains  the  laser  output 
within  the  cavity.  As  the  mirror  rotates,  a  open  window 
eventually  crosses  across  the  cavity  and  releases  the  laser 
energy.  This  releases  all  of  the  stored  energy  in  one  burst  of 
power.  Another  method  of  generating  Q-switching  is  to  put  an 
optical  shutter  within  the  cavity  that  reflects  light  until  a 
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higher  enough  energy  level  is  obtained.  At  this  point,  the 
chemical  shutter  undergoes  a  phased  transition  which  allows  the 
energy  to  escape.  The  result  of  each  of  these  methods  is  that 
very  high  powers  are  generated  with  very  short  pulse  durations. 
Such  high  levels  of  energy  directed  into  very  small  volumes  can 
disrupt  the  structure  of  materials  and  cause  damage  via 
electromechanical  or  acoustic  shock.  The  practical  application 
of  this  is  for  capsulotomy  after  cataract  surgery. 

Some  pulsed  lasers  get  their  timing  parameters  from  the 
timing  of  the  pump  source.  The  original  flash  light  pump  Ruby 
laser  invented  in  the  1960' s  produced  its  laser  output  beam  in 
this  manner.  For  every  flash  of  the  flash  lamp  the  chromium 
atoms  within  the  Ruby  laser  are  pumped  into  an  excited  state  and 
spontaneous  decay  triggered  the  stimulated  emission  resulting  in 
a  brief  flash  of  laser  light.  Repetitive  pulses  can  be  generated 
at  the  rate  determined  by  the  cycle  time  of  the  flash  lamp. 

Most  gas  laser  which  can  function  in  the  continuous  mode 
use  a  mechanical  shutter  to  modulate  the  beam.  This  is  a 
impervious  metal  plate  that  fits  across  the  beam  path  and  is 
opened  only  when  the  actuating  foot  switch  in  engaged.  This 
system  is  the  most  common  system  in  use  in  the  Argon  and  C02 
lasers  and  is  fail  safe  feature  also  found  in  most  medical  laser 
systems  as  a  safety  switch.  Shutters  are  usually  accurate  down 
to  50  milliseconds,  although  some  are  capable  of  functioning  much 
faster  than  this  in  experimental  lasers.  A  unique  phenomenon 
with  the  C02  laser  is  the  super  pulse  mode.  Pulses  on  the  order 
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of  microseconds  are  generated  by  pumping  the  laser  cavity  either 
with  radio  frequency  energy  or  high  peak  power  electric  current. 
The  energy  is  not  stored  within  the  cavity  but  is  released  at  the 
time  of  generation  and  the  repetition  rate  is  determined  by  the 
cycle  time  of  the  energy  input  source.  Powers  on  Medical  C02 
lasers  as  high  as  1  kilowatt  may  be  generated  at  intervals.  The 
repetition  rate  of  the  pulse  generation  may  vary  from  two  pulses 
per  second  to  as  high  as  5,000  pulses  per  second  on  some  lasers. 
The  total  energy  delivered  to  the  tissue  is  a  function  of  the 
pulse  duration  and  the  repetition  rate.  In  general,  the  more 
pulses  delivered  to  the  tissue,  the  higher  the  average  power 
applied  to  the  tissue.  Further  discussion  of  super  pulse  is 
covered  in  the  section  on  (laser  tissue  interaction) . 

Types  of  Lasers 

Given  enough  energy  input,  almost  any  material  can  be  made 
to  undergo  stimulated  emission.  Newer  medical  lasers  are  now 
being  designed  from  the  application  standpoint  initially,  as 
opposed  to  early  laser  design.  Early  laser  design  was  on  the 
order  of  "generate  the  laser  beam  and  lets  see  what  it  does  with 
tissue."  Now,  however,  surgeons  are  able  to  request  a  wavelength 
and  the  physicists  are  able  to  build  a  laser  with  that  specific 
output.  Unfortunately,  sometimes  the  efficiency  of  energy 
conversion  is  not  very  good  and  the  output  energies  are  sometimes 
too  low  to  be  medically  useful,  but  do  provide  some  interesting 
data  within  a  laboratory  setting.  Lasers  are  generally 
identified  by  the  nature  of  the  laser  medium.  This  laser  medium 
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can  exist  in  a  solid  state  as  in  the  Nd: YAG  laser,  within  a 
liquid  state  as  within  the  Argon  pumped  dye  laser,  within  a 
gaseous  state  as  in  the  CO2  laser  or  as  an  ion  in  the  Argon 
laser.  In  addition,  two  lasers  which  are  just  beginning  to  have 
medical  application,  are  the  Excimer  laser  in  which  a  chemical 
reaction  generates  the  laser  beam  and  the  Free  Electron  Laser  in 
which  the  lasing  medium  is  actually  excited  electrons.  A  partial 
listing  of  some  of  the  lasers  that  have  been  tested  for  medical 
applications  is  included  in  Table  X.  For  brevity,  we  will 
discuss  only  those  lasers  in  most  common  use  in  Otolaryngology- 
Head  and  Neck  Surgery  at  the  present  time,  and  make  note  of  some 
of  the  potentials  of  the  newer  lasers. 

Carbon  Dioxide  Gas  Laser 

The  carbon  dioxide  laser  actually  uses  a  mixture  of 
nitrogen,  carbon  dioxide  and  helium  gasses  in  its  cavity.  Energy 
can  be  applied  to  the  carbon  dioxide  laser  either  by  radio 
frequency  or  direct  current.  Direct  current  can  be  applied 
either  longitudinally  down  the  cavity  or  transversely  across  the 
cavity.  While  transversely  excited  carbon  dioxide  lasers  are 
capable  of  generating  very  high  peak  powers  on  the  order  of 
kilowatts,  these  lasers  are  generally  reserved  for  commercial 
applications  as  they  require  careful  alignment  and  maintenance. 
Most  CO2  lasers  today  now  use  radio  frequency  and  sealed  tube 
systems,  some  of  the  earlier  lasers  were  flowing  gas  systems 
which  required  constant  replenishment  of  the  laser  mixture, 
because  with  continued  applied  energy  some  of  the  carbon  dioxide 
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atoms  are  eventually  broken  down  into  component  atoms.  Energy 
applied  to  a  carbon  dioxide  laser  cavity  is  initially  absorbed  by 
the  nitrogen  molecule.  The  decay  of  energy  from  the  nitrogen 
molecule  then  allows  transfer  of  energy  to  the  carbon  dioxide 
molecule.  Specifically,  the  output  energy  of  10.6  microns 
represents  one  of  the  bending  frequencies  of  the  CO2  molecule. 
Helium  gas  helps  to  dissipate  the  heat  from  the  laser  cavity. 
Because  the  carbon  dioxide  lasing  medium  is  a  molecule,  there  is 
the  capability  for  these  lasers  to  produce  a  wide  range  of 
possible  energy  level  transitions  and  therefore  wavelength 
output.  The  wavelength  of  10.6  is  the  most  efficient  output  for 
the  CO 2  laser  and  efficiencies  on  the  order  of  20%  are  possible. 
It  is  fortuitous  that  the  C02  laser  invented  in  1964  is  absorbed 
well  by  water  and  since  tissue  is  composed  of  between  70  and  85% 
water,  this  laser  has  now  become  the  workhorse  laser  in 
medicine.  The  specific  reactions  of  the  C02  laser  with  tissue 
are  covered  more  fully  under  the  section  (Laser  Tissue 
Interaction) . 

Argon  Ion  Laser 

This  laser  uses  charged  argon  ions  as  the  lasing  medium. 
Because  argon  ions  have  such  a  diffuse  range  of  energy  levels 
available,  this  laser  gives  rise  to  a  composite  laser  output  with 
several  visible  wavelength  created  simultaneously.  The 
strongest  emissions  are  at  488  nanometers  and  514  nanometers, 
although  there  are  several  other  output  wavelengths  that  are 
easily  identified  on  spectroscopy.  Each  wavelength  may  be 
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selectively  filtered  out  to  give  a  monochromatic  beam  if  desired 
and  the  green  wavelength  is  commonly  used  by  ophthalmologists  for 
retinal  photocoagulation.  Argon  lasers  are  generally  much  less 
efficient  than  C02  lasers  because  much  of  the  energy  input  into 
the  system  must  be  used  to  generate  the  argon  ion,  and  then 
further  energy  must  be  applied  to  stimulate  the  ion  to  a  state  of 
population  inversion.  Inherent  in  all  of  this  energy  input  is 
high  heat  generated,  and  most  argon  lasers  need  to  be  cooled  by 
flowing  water.  Medical  argon  lasers  are  now  capable  of  producing 
on  the  order  of  20  watts  and  their  beams  are  capable  of  being 
transmitted  to  via  quartz  fibers. 

Dve  Laser 

There  are  two  dye  lasers  in  common  use  within  medicine 
currently.  One  is  the  Argon  Pumped  Dye  Laser,  and  the  other  is 
the  Flash  Lamp  Excited  Dye  Laser  (FEDL) .  In  the  Argon  pumped  dye 
laser,  an  argon  laser  is  used  as  the  input  energy  source  to 
initiate  the  stimulation  of  the  dye  molecules.  In  the  Flash  Lamp 
Excited  Dye  Laser,  a  flash  lamp  performs  the  same  function. 

Within  the  laser,  the  dye  is  constrained  within  a  cavity  and 
energy  placed  into  the  dye  results  in  a  population  inversion  and 
generation  of  the  laser  beam.  Because  the  dye  is  a  complex 
macromolecule,  the  potential  exists  for  multiple  wavelength 
output.  In  practice,  once  the  dye  is  energized  it  often  lases 
at  multiple  output  frequencies  simultaneously.  The  output  from  a 
dye  laser  is  then  directed  across  a  diffraction  grating  which 
allows  the  selection  and  tuning  of  one  particular  wavelength 
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(usually  accurate  within  1/2  to  2  nanometers) .  Because  of  the 
design  of  the  cavity,  dyes  can  be  changed  to  allow  a  wide  range 
of  tunability  for  output  wavelengths  and  the  selection  of  dyes 
that  are  efficient  in  the  particular  wavelength  under 
consideration . 

Nd:YAG  Solid  State  Laser 

The  NdrYAG  laser  is  a  solid  state  laser  using  the  rare  earth 
element  neodymium  in  a  crystal  composed  of  yttrium  and  aluminum 
in  a  garnet  arrangement.  This  laser  is  stimulated  using  a  flash 
lamp  and,  although  the  output  appears  continuous,  in  reality  it 
is  a  quasi-continuous  laser.  Quasi-continuous  lasers  function 
with  repetition  rates  so  fast  as  to  appear  to  be  continuous  for 
all  intents  and  purposes.  The  output  of  the  Nd: YAG  laser  is  in 
the  near  infrared  at  1.064  microns,  but  because  of  the 
arrangement  of  the  crystal  other  outputs  are  possible  from  this 
same  laser.  It  should  also  be  noted  that  the  neodymium  glass 
laser  was  invented  first  and  has  an  output  of  1.060  microns. 

This  output  demonstrates  an  important  point  in  the  physics  of 
lasers  in  that  the  environment  surrounding  the  lasing  material 
may  alter  the  output  wavelength  by  placing  constraints  on  the 
energy  level  transitions  available.  Most  YAG  lasers  initially 
were  water  cooled  because  of  the  high  heat  generated,  but  most 
recently  several  medical  YAG  lasers  have  come  on  the  market  which 
are  air  cooled  with  power  capabilities  in  the  100  watt  range. 
Frequency  Doubled  YAG 


Several  years  ago  when  argon  lasers  were  not  capable  of 
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producing  power  outputs  in  the  deep  coagulation  and  vaporization 
range  (i.e.  above  8  watts)  a  technological  variation  of  the 
Nd: YAG  laser  was  produced.  This  unit  was  known  as  the  KTP  532 
system.  In  this  unit,  a  YAG  output  wavelength  of  1.064  microns 
was  directed  through  a  potassium  (k)  titanium  (T) ,  Phosphorus  (P) 
non  linear  crystal.  This  crystal  has  the  unique  property  of 
doubling  the  frequency  of  the  laser  beam  (thereby  cutting  the 
wavelength  in  half) .  This  laser  was  capable  of  generating  out 
approximately  17  watts  of  power  from  a  100  watt  YAG  input  power. 
Its  output  is  therefore  in  the  green  wavelength  and  falls 
intermediate  between  two  of  the  major  absorption  bands  for 
hemoglobin.  There  are  other  crystals  which  exist  which  can 
triple  the  Nd : YAG  frequency  and  produce  wavelengths  in  the  near 
ultraviolet  region  at  354  nanometers,  but  these  have  not  seen 
extensive  medical  use  yet. 

Excimer 

The  term  excimer  is  a  contraction  of  the  words  "excited 
dimer".  Molecular  dimers  such  as  argon  fluoride  or  zenon 
chloride  are  used  to  produce  the  laser  beam.  Outputs  are  ultra 
short  pulses  in  the  near  ultraviolet  range  at  wavelengths  from 
157  to  351  nanometers  (please  see  table) .  Due  to  the  extreme 
short  pulse  duration  and  the  high  energy  of  ultraviolet 
wavelengths,  the  effect  of  the  excimer  laser  is  photoablative. 
Photoablative  effects  can  work  by  physically  disrupting  the 
molecular  bonds  within  tissue.  This  will  be  covered  further  in 


the  section  on  laser  tissue  interaction. 
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Equipment  Requirements 

Each  laser  will  have  unique  power,  water  and  maintenance 
requirements  which  should  be  carefully  considered  before  purchase 
and  installation  in  the  operating  room.  Many  times,  medical 
lasers  require  modifications  to  the  operating  room  that  need  to 
be  in  place  before  a  laser  can  be  used,  and  this  may 
unnecessarily  delay  the  start  up  of  the  medical  laser.  Certain 
lasers  require  specific  water  and  electrical  modifications  to 
specific  operating  rooms.  In  addition,  certain  lasers  are  too 
large  to  be  easily  transported  between  rooms,  therefore  one 
operating  room  should  be  dedicated  as  a  laser  operating  room. 

Some  carbon  dioxide  lasers  are  low  power  (generally  less  than  40 
watts  and  usually  less  than  40  to  60  pounds  using  110  volt  28  amp 
power) .  These  lasers  are  self  contained  and  most  often  air 
cooled.  The  higher  power  C02  lasers  have  self  contained  water 
cooling  systems  and  do  not  require  external  cooling,  although 
some  of  the  higher  power  C02  lasers  use  two  110  volt,  20  to  30 
amp  circuits:  one  for  the  cooling  system  and  one  for  the  laser. 
Most  carbon  dioxide  lasers  on  the  market  at  the  present  time  are 
sealed  systems  which  means  that  no  external  tanks  need  to  be 
attached  to  the  C02  system  to  generate  the  laser  beam,  although 
some  of  these  lasers  do  require  an  external  nitrogen  purge  gas 
system  to  be  attached.  Sealed  tube  systems  have  a  fairly  long 
life-time  in  the  current  lasers  and,  because  of  the  stability  and 
ease  of  use,  most  manufactures  have  switched  to  this  type  of 
system. 
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Nd : YAG  lasers  due  to  their  inefficiency  usually  require  220 
volt  AC  40  to  60  amp  power,  although  some  newer  units  on  the 
market  are  now  powered  with  115  volt  circuitry.  Older  Nd: YAG 
units  often  needed  an  external  water  source  for  cooling,  but  the 
newer  units  that  are  available  up  to  100  watts  of  power  are  now 
available  with  internal  cooling  systems.  These  older  high 
powered  YAG  lasers,  the  KTP  laser  and  the  Argon  laser  all  require 
a  source  of  cool  water  to  operate  the  system.  Flow  rates  of 
several  liters  per  minute  are  often  required.  In  addition,  a 
separate  consideration  in  the  south  is  that  tap  water  may  not  be 
cool  enough  and  built-in  interlocks  within  the  lasers  will  shut 
the  system  down.  Often,  an  inter-cooler  needs  to  be  installed  so 
that  the  tap  water  can  be  run  through  an  air  conditioning  unit  to 
make  it  cool  enough  to  allow  the  lasers  to  be  used.  All  these 
requirements  should  be  considered  before  purchasing  a  laser  and 
before  having  a  laser  shipped,  so  that  the  operating  room  and 
related  facilities  are  ready  for  laser  use. 

Laser  Delivery  Systems 

The  beam  emitted  from  a  laser  tube  is  a  collimated 
monochromatic  coherent  beam  of  light  traveling  in  a  straight 
direction.  Some  mechanical  system  must  be  employed  to  re-direct 
the  beam  in  a  useful  fashion  so  that  it  can  be  used  for  medical 
applications  (the  alternative  is  to  move  the  patient  underneath 
the  beam  itself) . 

Hand  Held  Laser 


Helium  neon  laser  pointers,  gallium  arsenide  diode  lasers 
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and  one  brand  of  a  low  output  (less  than  20  watt  C02  laser)  can 
be  held  in  the  hand  like  a  pencil.  The  beam  is  directed  to  the 
tissue  without  any  delivery  device  except  for  a  focussing  lens. 
Diode  array  lasers  are  now  capable  of  providing  power  up  into  the 
watt  range  and  experimental  systems  using  diode  lasers  through 
non-linear  crystals  can  provide  a  variety  of  wavelengths  with 
powers  around  1  watt. 

Articulated  Arms 

Mid  and  far  infrared  lasers  such  as  the  carbon  monoxide  and 
carbon  dioxide  lasers  use  an  articulated  arm  system  to  deliver 
the  beam.  This  is  because  there  are  no  FDA  approved  optical 
fibers  at  the  present  time  capable  of  transmitting  in  this 
wavelength.  The  laser  beam  is  directed  down  the  center  of  a 
series  of  hollow  tubes  with  mirrors  positioned  at  the  ends  to 
reflect  the  beam  at  90°  angles.  Mirrors  are  mounted  in  a  gimble 
joint  to  allow  free  rotation  in  three  dimensions.  The 
articulated  arm  then  can  be  attached  to  a  hand  piece, 
microscope  or  bronchoscope  adapter,  or  the  newer  C02  wave  guides 
(please  see  below) .  Some  of  the  hand  pieces  provide  a  variable 
spot  size  and  obviate  the  need  for  moving  the  hand  piece  away 
from  the  tissue  to  de-focus  the  beam.  The  accessories  attached 
to  the  end  of  an  articulate  arm  often  need  the  accessory  nitrogen 
gas  purge  system  to  keep  the  laser  plume  from  fouling  the 
reflective  mirror  or  lenses.  The  articulated  arm  is  able  to 
maintain  both  monochromaticity  and  coherence  of  the  laser  beam 
unlike  fibers  or  wave  guides. 
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Optical  Fibers 

Most  lasers  from  the  near  ultraviolet  up  through  the  near 
infrared  (including  the  visible  spectrum)  are  capable  of  being 
transmitted  through  small  diameter  flexible  fibers.  The 
advantage  to  these  fibers  is  that  they  may  be  inserted  through 
endoscopes  to  deliver  energy  deep  into  the  body.  This  has  been 
one  of  the  major  advances  in  the  use  of  lasers,  and  smaller  and 
smaller  fibers  are  now  permitting  the  use  of  lasers  to  re¬ 
canalize  blocked  coronary  arteries  and  peripheral  veins.  Some  of 
these  fibers  while  being  only  2mm  in  diameter,  also  employ  a 
visualization  system  as  well  as  the  laser  delivery  system. 

Quartz  silica  fibers  transmit  light  energy  from  ultraviolet 
to  near  infrared  wave  lengths,  and  thus  this  material  is  useful 
for  delivering  energy  of  Excimer,  Argon,  KTP,  dye  and  YAG  lasers, 
but  unfortunately  are  not  capable  of  delivering  the  output  from  a 
carbon  dioxide  laser.  Fibers  that  are  capable  of  transmitting 
the  carbon  dioxide  wavelength  are  in  the  developmental  stage  and 
several  are  on  clinical  trials  right  now.  Materials  include 
tellurium  bromide  and  silver  iodide,  but  these  materials  are  very 
fragile  and  tellurium  specifically  is  toxic  to  the  body  and  thus 
a  bio-compatible  cladding  which  protects  the  body  from  this 
material  has  to  be  developed.  These  fibers  have  a  very  complex 
crystal  matrix  and  have  a  limited  bend  radius  before  cracking, 
but  still  are  capable  of  maintaining  a  tighter  bend  radius  than 
the  hollow  wave  guides  that  have  currently  been  developed  for  the 
C02  laser  (please  see  below) . 
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These  quartz  fibers  alter  the  characteristics  of  the  laser 
beam.  The  beam  is  reflected  multiple  times  within  the  fiber  due 
to  the  difference  between  the  optical  coefficiency  between  the 
fiber  itself  and  the  cladding.  Because  of  the  multiple 
reflections  within  the  fiber,  although  the  beam  remains 
monochromatic,  it  looses  its  coherence.  Most  fibers  do  not 
employ  a  focussing  lens  at  their  terminal  end,  and  therefore  the 
beam  diverges  fairly  quickly  once  it  leaves  the  fiber.  This 
divergence  is  a  function  of  the  optical  material  and  the  size  of 
the  fiber  and  can  range  from  8“  of  divergence  to  as  high  as  a  30' 
divergence.  The  implications  for  this  range  of  divergence  are 
that  the  fiber  must  be  held  closer  to  the  tissue  to  maintain  high 
enough  power  density  to  be  able  to  perform  vaporization  and  or 
coagulation.  For  most  endoscopic  applications,  the  end  of  the 
fiber  is  cleaved  smooth  to  provide  and  even  distribution  of  light 
output,  so  that  there  is  no  hot  spot  generated.  Another  point 
should  be  made  about  using  the  fibers  with  endoscopes  is  that 
because  of  the  divergence  of  the  beam  as  soon  as  it  leaves  the 
fiber,  if  the  fiber  is  accidentally  withdrawn  within  the 
endoscope,  the  rapid  divergence  of  the  laser  beam  can  be 
responsible  for  melting  the  tip  of  the  bronchoscope  (a  very 
expensive  mistake) .  Thus,  when  using  a  laser  endoscopically ,  it 
is  imperative  that  one  can  see  the  fiber  and  the  point  to  be 
vaporized  or  coagulated  at  the  same  time  to  avoid  this  mistake. 
Contact  Tips 

The  development  of  a  tapered  lens  made  of  silicone  or 
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synthetic  sapphire  allows  the  re-focusing  of  the  laser  beam  from 
the  end  of  the  optical  fiber.  This  advantage  of  returning  a  lens 
system  to  the  optical  fiber  actually  can  allow  one  to  concentrate 
the  laser  beam  into  a  smaller  diameter  than  that  carried  through 
the  optical  fiber  itself.  These  optical  fibers  are  available  in 
various  shapes  and  lengths  and  use  silica  lenses  for  Argon 
applications  and  generally  synthetic  sapphire  for  Nd:YAG 
applications.  These  contact  tips  come  in  several  shapes  and 
sizes  and  the  shape  determines  the  concentration  of  the  light 
energy.  A  very  long  tapering  point  brings  the  laser  energy  into 
a  very  concentrated  point  for  cutting  and  with  this  lens  in 
contact  with  the  tissue,  this  serves  to  cut  through  tissue  "like 
butter" .  If  the  tip  is  not  held  in  contact  with  the  tissue 
however,  the  laser  energy  has  limited  methods  for  dispersement 
and  can  actually  vaporize  the  tip  of  the  lens,  effectively 
ruining  it.  These  contact  tips  can  be  very  expensive  running 
from  $150  to  $600  dollars  apiece  for  specialized  shapes.  Other 
shapes  that  are  available  include  a  chisel  tip  that  are  allows 
one  to  shave  layers  off  a  tissue  from  a  obstructing  tumor,  and 
frosted  tips  which  are  capable  of  dispersing  light  at  all  angles 
which  are  especially  effective  at  coagulation. 

Wave  Guides 

Several  manufactures  have  recently  introduced  hollow  wave 
guides  which  can  be  used  to  transmit  the  10.6  nanometer  light 
from  the  carbon  dioxide  laser.  These  wave  guides  range  from  3mm 
in  diameter  down  to  2.7mm  in  diameter  and  have  some  limited 
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flexibility,  although  the  size  and  capability  for  bend  radius 
limits  their  applications  to  generally  free  hand  work.  They  are 
not  capable  of  being  placed  down  a  flexible  endoscope. 
Gynecologist  were  among  the  first  to  explore  the  capabilities  of 
these  C02  wave  guides  inter-abdominally  and  newer  advances  in 
these  wave  guides  have  seen  their  adoption  by  orthopedic  surgeons 
for  arthroscopy  and  potentially  by  otolaryngologist  for 
intranasal  work. 

Microscope  and  Bronchoscope  Adapters 

The  near  ultraviolet,  visible  and  near  infrared  wavelengths 
can  be  transmitted  through  fibers  and  therefore  can  be  passed 
down  the  side  channel  on  ventilating  bronchoscopes  or  down  the 
operating  channel  in  flexible  bronchoscopes.  For  laryngoscopy 
work  and  for  otologic  work  hand,  held  probes  composed  of  these 
fibers  may  be  used.  The  KTP  laser  also  has  a  microscope  adapter 
which  functions  by  bringing  the  laser  beam  into  the  adapter  via  a 
fiber  and  then  this  is  reflected  off  a  mirror  and  redirected  into 
the  operating  field.  A  necessary  modification  for  each  of  these 
units  is  an  eye  piece  filter  to  protect  the  surgeons  eyes  while 
these  lasers  are  being  used. 

The  carbon  dioxide  laser  beam  because  it  cannot  be  passed 
through  a  flexible  fiber  is  often  directed  down  the  center  of  a 
rigid  ventilating  bronchoscope  either  as  a  collimated  beam  or 
through  a  rigid  wave  guide.  When  the  laser  beam  is  directed  as  a 
collimated  beam,  the  articulated  arm  is  connected  to  a 
bronchoscope  adapter,  but  employs  a  beam  splitter  to  redirect. 
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laser  beam  and  allow  visualization  of  the  target  simultaneously. 
The  aiming  beam  is  also  re-directed  to  allow  the  surgeon  to  plan 
the  laser  impacts.  The  nitrogen  gas  purge  system  is  used  to 
remove  laser  plume  and  smoke  from  the  operating  channel  of  the 
bronchoscope.  The  microscope  adapters  (also  called 
micromanipulator)  allow  lasers  to  be  used  for  laryngeal,  otologic 
or  precise  microscopic  control  of  laser  beam.  The 
micromanipulator  has  a  gimble  controlled  mirror  assembly  that  is 
attached  in  front  of  the  objective  lens  of  a  microscope.  As 
mentioned  before,  the  KTP  laser  delivers  the  beam  to  the 
micromanipulator  by  means  of  a  flexible  fiber  and  the  C02  laser 
directs  the  beam  to  the  micromanipulator  by  means  of  the 
articulating  arm.  Either  the  mirror  itself  or  another  lens  with 
a  micromanipulator  is  used  to  focus  the  laser  beam.  Microscopic 
focal  lengths  from  200  to  400mm  may  be  selected  allowing  use  from 
the  standard  otologic  operating  distance  all  the  way  out  to  the 
standard  laryngeal  operating  distance.  Because  of  the  variation 
in  focal  length,  the  spot  size  of  the  laser  also  varies.  In  Lhe 
traditional  micromanipulator  (prior  to  those  developed  about 
1989)  the  smallest  spot  size  capable  at  400mm  focal  length  was 
approximately  750  microns  while  the  spot  size  at  200  microns  was 
approximately  350  microns  in  diameter.  This  spot  size  is  a 
function  of  both  the  focal  length  and  the  wavelength  of  the  laser 
beam  itself.  In  general,  the  shorter  the  wavelength  of  the  laser 
the  tighter  focus  can  be  obtained.  The  newer  micromanipulator 
recently  developed  for  use  with  the  carbon  dioxide  laser  are  now 
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known  as  "microspots".  These  microspots  are  capable  of  yielding 
a  focused  beam  of  250  micron  diameter  at  400mm  and  125  microns  at 
200mm  when  properly  focused.  This  has  implications  for  the 
amount  of  power  that  is  necessary  to  be  used  and  will  be  covered 
later  under  the  section  on  laser  tissue  interactions.  A 
potential  difficulty  with  some  of  the  older  micromanipulator  for 
use  with  the  carbon  dioxide  laser  is  a  concept  known  as 
parallax.  The  carbon  dioxide  laser  beam  as  it  emerges  from  the 
lasing  tube  is  broad,  and  a  larger  mirror  than  that  used  for  a 
fiber  is  used  to  redirect  the  beam.  The  size  of  this  mirror  is 
limited  to  the  inter-pupillary  distance  on  the  microscope  and 
oftentimes  this  is  not  big  enough  to  redirect  the  entire  C02 
beam.  If  the  mirror  was  large  enough  and  placed  inter  pupillary, 
it  would  then  interfere  with  the  nasal  field  of  view  for  both 
eyes.  Many  of  the  micromanipulator  in  use  bypass  the  mirror  size 
limit  by  off  setting  the  mirror  below  the  plane  of  vision  by 
almost  to  1  to  1  l/2cra.  This  allows  them  to  use  a  large  enough 
mirror  to  redirect  the  beam.  The  difficulty  with  this 
engineering  design  however,  is  that  when  used  in  tight  areas  such 
as  laryngoscopy  in  children  when  using  a  subglottiscope  with 
limited  vertical  height,  this  discrepancy  between  the  plane  of 
view  and  the  path  of  laser  beam  may  lead  to  inadvertent  burns  to 
the  patient  near  the  lip  of  the  laryngoscope  (Figure  X) .  The 
newer  microspots  and  the  some  of  the  newer  micromanipulator  from 
some  of  the  companies  employ  a  different  optical  system  using  a 
"hot  mirror"  assembly.  This  hot  mirror  is  specially  coated  lens 
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which  is  able  to  reflect  the  far  infrared  wave  length  of  the  C02 
laser  while  also  allowing  visible  wavelength  radiation  to  pass 
through.  Therefore,  the  object  to  be  hit  with  the  laser  beam  can 
be  visualized  through  this  lens  assembly  while  the  C02  beam  is 
reflected  off  of  this  assembly  allowing  coincidence  of  optical 
path  and  laser  path.  This  allows  the  laser  the  be  used  in  much 
tighter  areas  such  as  through  an  otologic  speculum  or  a  neonatal 
subglottiscope . 

Aiming  Beam 

The  Argon,  KTP,  helium  neon,  gold  vapor  and  visible  dye 
wavelengths  all  by  nature  work  in  the  visible  wavelength  range  of 
the  spectrum  and  an  attenuated  version  of  their  output  beam  can 
serve  as  their  own  aiming  beam.  Lasers  in  the  ultraviolet  and 
infrared  regions  such  as  the  Excimer  and  the  Nd : YAG  and  C02  laser 
emit  invisible  radiation  and  therefore  need  an  aiming  beam  to 
allow  the  surgeon  to  select  the  impact  site.  The  Nd:YAG  often 
uses  an  attenuated  output  from  the  Krypton  or  zenon  arc  lamp 
which  appears  as  a  very  bright  spot  when  aiming  this  unit. 
Alternatively,  some  manufactures  have  added  a  helium  neon  laser 
to  be  used  as  a  guide  beam  for  the  Nd: YAG  laser.  In  the  C02 
laser  oftentimes  a  helium  neon  red  laser  is  used  for  the  aiming 
spot.  This  is  often  a  5  to  10  milliwatt  small  Class  IV  laser 
unit.  When  using  either  system,  it  is  important  that  prior  to 
patient  application,  test  spots  should  be  fired  to  assure  that 
the  burn  created  by  the  operative  beam  coincide  with  that  from 
the  aiming  beam  and  are  of  known  size.  Because  the  helium  neon 
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beam  is  generally  of  shorter  wavelength  than  the  YAG  or  the  C02 
beam,  the  aiming  beam  is  much  smaller  than  the  resultant  impact. 

Potential  difficulty  arises  here  with  the  use  of  the  red 
helium  neon  laser  as  an  aiming  spot  in  a  bloody  field.  The 
helium  neon  beam  is  often  very  difficult  to  pick  up  against  a  red 
background.  Manufactures  have  tried  to  overcome  this  by 
including  more  powerful  helium  neon  lasers  as  part  of  the  aiming 
package,  but  potential  difficulty  is  reached  when  the  power  for 
the  helium  neon  is  bright  enough  that  the  glare  is  potentially 
painful  to  the  surgeons  eyes.  One  system  to  overcome  this  aiming 
problem  would  utilize  an  aiming  spot  in  the  green  or  yellow 
wavelengths,  and  although  these  systems  are  currently  being 
testing  and  on  the  production  drawing  board,  there  are  no  medical 
systems  available  yet  which  use  a  green  or  yellow  laser  aiming 
spot. 

Basic  Laser  Tissue  Effects 
Beam  Profile 

The  measurement  of  the  energy  output  in  a  cross  section 
across  the  beam  from  most  medical  laser  systems  would  reveal  a 
gaussian  or  bell  shaped  distribution  of  power.  This  beam  profile 
has  the  highest  power  concentration  at  the  center  and  drops  off 
exponentially  as  one  moves  further  away  from  the  center  of  the 
beam.  For  practical  purposes,  the  radius  of  the  spot  for  a 
gaussian  distribution  beam  is  to  find  the  distance  from  the 
center  to  the  point  where  the  power  has  decreased  to  1/e2  peak 
power.  In  fact,  this  defines  the  portion  of  the  gaussian  curve 
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that  contains  87%  of  the  total  power  and  is  defined  as  the  spot 
size.  This  holds  true  for  roost  medical  lasers  when  viewing  the 
beam  as  it  is  emitted  from  the  laser  cavity.  However,  once  a 
beam  has  been  transmitted  through  a  fiber,  or  reflected  off 
mirrors,  the  spot  can  change  to  a  non-gaussian  distribution  beam 
profile.  In  addition,  certain  lasers  produce  beams  in  non- 
gaussian  profiles  directly  from  the  cavity.  These  spots  have  a 
much  steeper  rise  to  a  peak  with  a  flattened  top  similar  to  a 
"top  hat".  When  defining  the  tissue  effects  it  is  most 
appropriate  and  meaningful  to  define  the  spot  size  in  terms  of 
square  centimeters  or  radius.  This  would  allow  one  to  directly 
calculate  power  densities  and  energy  density. 

Beam  profiles  are  also  specified  by  their  transverse 
electromagnetic  mode  (TEM) .  A  TEM00  is  considered  the 
fundamental  mode  and  is  a  gaussian  distribution.  Higher  modes 
(TEMqi  and  TEM10)  produce  a  power  distribution  that  can  be 
described  as  a  doughnut  with  a  relatively  low  powered  section  in 
the  center.  A  TEM^  has  an  essentially  rectangular  distribution 
and  can  be  represented  as  a  "top  hat"  profile.  The  smallest  spot 
sizes  are  achieved  with  a  gaussian  distribution  (TEMqo) •  As 
(TEM)  mode  increases,  spot  size  also  increases,  therefore 
decreasing  power  density  (see  below) . 

Power  Density 

Due  to  the  nature  of  laser  light  being  coherent  and 
collimated,  the  laser  beam  can  be  focussed  into  extremely  small 
spot  sizes  with  the  possibility  of  creating  very  large  power 
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densities.  The  laser  can  be  focussed  into  a  spot  of  less  than 
one  micron  in  diameter  (depending  upon  the  wavelength  and  focal 
length  of  the  lens)  and  thus  is  capable  of  generating  the  power 
densities  that  are  equivalent  to  the  energy  available  at  the 
surface  of  the  sun.  Power  density  is  defined  as  the  power  (or 
watts)  over  area  in  square  centimeters  (see  Figure  3) .  For  a 
constant  power  output,  from  the  equation  it  can  be  seen  that  the 
smaller  beam  spot  size  i.e.  the  smaller  the  area,  the  greater  the 
concentration  of  power.  This  follows  the  inverse  square  law. 

The  area  increases  as  the  square  of  the  diameter  increases.  The 
following  table  illustrates  the  relationships  among  spot  area  and 
power.  Notice  that  a  lens  system  that  is  capable  of  delivering  a 
50  micron  spot  can  produce  power  densities  of  one  million  watts 
per  centimeter  squared  with  only  a  20  watt  power  input.  Another 
relationship  which  can  be  visualized  from  the  table  is  that 
achieved  by  focussing  or  de-focussing  the  hand  piece.  If  the 
spot  diameter  is  increased,  then  the  power  density  decreases  by  a 
exponential  factor.  For  example,  if  the  spot  diameter  is 
doubled,  then  the  power  density  will  decrease  by  a  factor  of  2^ 
or  4 .  If  the  spot  diameter  decreases  by  half,  then  the  power 
density  would  increase  by  4.  When  the  beam  is  de-focussed,  the 
spot  diameter  increases  and  this  decreases  the  power  density 
geometrically.  Because  of  this  relationship  between  power  and 
spot  to  produce  a  power  density,  it  is  important  to  communicate 
the  spot  size  and  the  input  power  when  describing  tissue  effects. 
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All  laser  delivery  systems  have  an  optimum  focal  distance 
responsible  for  the  smallest  spot  size.  In  general,  this  is  the 
usual  working  distance  for  the  hand  piece  or  for  the 
micromanipulator.  However,  there  exist  situations  in  which  it 
is  necessary  to  have  a  broader  beam,  as  for  coagulation  or  with 
higher  powers  for  vaporization  of  a  larger  surface  area.  This  is 
accomplished  by  defocusing  the  beam  or  prefocusing  the  beam. 

When  using  a  hand  piece,  defocusing  is  done  by  simply  pulling  the 
hand  piece  further  away  from  the  tissue,  therefore  removing  the 
focal  spot  away  from  the  tissue  and  broadening  the  beam.  On 
micromunipulators  and  on  bronchoscopes,  there  is  a  defocusing 
lens  which  is  used  to  accomplish  the  same  purpose.  Defocusing, 
as  can  be  seen  from  the  table  above,  results  in  a  lower  power 
density  and  therefore  is  more  effective  for  coagulation  given  the 
same  input  power.  The  focal  spot  from  a  hand  piece  can  also  be 
enlarged  by  bringing  it  closer  to  the  tissue,  called  prefocusing. 
This  results  in  the  focal  point  being  projected  beneath  the 
surface  of  the  tissue  and  may  cause  uncontrolled  damage  deep  in 
the  tissue.  The  effect  is  that  the  overlying  tissue  is  vaporized 
fairly  slower  because  of  the  lower  power  density  and  as  this 
tissue  is  ablated  and  it  comes  closer  to  the  focal  spot  itself, 
the  power  density  increases  and  the  rate  of  vaporization  also 
increases,  making  control  of  this  technique  very  difficult. 

Understanding  the  concept  of  power  density  is  sufficient  for 
working  with  the  C02  laser  and  other  lasers  which  have  immediate 
tissue  effects,  but  tissue  effects  generated  by  some  lasers  .re 
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not  always  immediately  apparent.  For  example,  the  extent  of  deep 
thermal  necrosis  from  the  Neodymium: YAG  laser  is  a  function  of 
laser  power  and  the  time  the  laser  is  in  contact  with  the  tissue. 
Some  of  these  effects  only  become  visible  24  to  48  hours  after 
laser  impact.  This  is  not  to  say  that  laser  tissue  interactions 
are  totally  unpredictable.  As  a  matter  of  fact,  the  amount  of 
necrosis  can  be  predicted  but  only  if  the  total  light  dose 
delivered  to  the  tissue  is  known.  The  inter-relationship  of 
laser  power  spot  size  and  duration  of  effect  on  duration  of 
exposure  to  tissue  is  represented  in  the  following  figure.  The 
output  power  from  the  laser  is  measured  in  watus.  The  amount  of 
energy  applied  over  time  is  energy  (Joules  =  watts  x  seconds) . 
Energy  density  (Joules  per  square  centimeters)  is  a  composite 
measurement  of  the  power  duration  of  exposure  to  tissue  and  spot 
size.  Within  medicine,  energy  density  is  referred  to  as  light 
dose  by  the  clinician,  and  physicists  refer  to  it  as  fluence. 
Tissue  Optics 

An  overview  of  the  effects  of  light  interacting  with  tissue 
is  represented  in  Figure  4.  For  this  initial  discussion  of  basic 
tissue  optics  the  effect  of  wavelength  and  the  rate  of  energy 
delivery  to  the  tissue  will  be  postponed  until  later. 

Progressing  from  the  surface  of  the  tissue  inward,  we  will 
discuss  reflection  scattering  transmission  and  absorption,  and 
the  various  interactions  that  can  occur  between  and  among  these 
properties.  Light  incident  upon  tissue  can  be  reflected  from 
the  surface  of  the  tissue.  The  minimum  amount  of  reflectance 
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occurs  when  the  incident  light  is  directed  orthogonal  to  the 
tissue.  As  the  angle  of  the  light  incident  to  the  tissue 
decreases,  more  and  more  light  may  be  reflected  from  the  surface. 
In  clinical  application,  this  is  important  because  most  surgeons 
have  a  tendency  to  hold  a  laser  hand  piece  at  an  angle  to  a 
tissue  like  a  pencil.  There  can  be  significant  reflection  and 
therefore  decreased  power  delivery  to  the  tissue  but  also,  the 
spot  will  form  an  oval  instead  of  the  smallest  focal  spot 
(circle) .  Awareness  of  the  concept  of  reflection  is  also 
important  when  a  laser  is  used  in  a  lumen  such  as  in  the  trachea 
or  bronchi.  The  beam  in  this  instance  may  achieve  a  very  low 
angle  of  incidence  with  the  wall  and  the  energy  may  be  reflected 
to  a  remote  site  and  damage  may  occur  to  normal  tissue.  This 
effect  is  clinically  more  commonly  seen  with  the  Nd: YAG  than  with 
the  C02  laser. 

Light  may  also  be  reflected  from  internal  components  of  the 
tissue,  including  atoms,  molecules,  and  macromolecular 
structures.  Multiple  reflections  within  tissue  is  termed 
scattering.  At  any  point,  light  may  be  reflected  back  out  of  the 
tissue  and  this  results  in  what  is  called  diffuse  reflectance. 
Clinical  application  of  this  principle  is  in  reflective  pulse 
oximetry.  Here,  a  diode  directs  light  into  tissue  and  the 
reflective  light  is  measured  for  spectral  absorption  or  changes, 
giving  a  relative  measure  of  the  oxygenated  hemoglobin  to  the 
de-oxygenated  hemoglobin  ratio,  since  these  two  forms  of 
hemoglobin  have  different  absorption  characteristics. 
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Light  may  also  pass  completely  through  tissue  without  any 
interaction  with  any  of  the  tissue  material.  This  is  very 
uncommon  and  in  fact  the  only  wavelengths  that  can  commonly  pass 
through  the  body  are  cosmic  rays.  Visible  light  and  all  medical 
laser  wavelengths  are  eventually  reflected  or  absorbed  within 
tissue,  although  some  wavelengths  are  able  to  penetrate  deeper 
before  this  effect  occurs.  The  concept  of  light  passing  through 
tissue  without  an  interaction  is  called  direct  transmission  and 
for  most  medical  lasers  is  limited  to  a  millimeter  or  so  within 
tissue,  but  may  extend  to  as  deep  as  3  or  4mm  for  the  Nd: YAG 
laser.  The  most  common  form  of  transmission  of  light  through 
tissue  is  called  diffuse  transmission.  This  results  from  light 
that  is  scattered  or  multi-reflected  within  tissue  that  may  be 
eventually  transmitted  deep  within  the  tissue.  The  total  of  the 
through  transmission  and  diffuse  transmission  is  simply  the 
transmission  of  light  through  tissue.  A  clinical  example  of  this 
effect  is  trans  illumination  of  a  sinus  with  a  very  bright  light. 
The  diffuse  red  glow  is  the  transmittance.  Another  example  is 
the  transmission  of  light  through  a  finger.  If  the  light  is 
bright  enough,  the  bone  can  actually  be  seen  and  this  concept  is 
now  being  developed  for  detection  of  breast  masses  and  is  known 
as  diaphanography .  In  this  technique,  the  breast  tissue  is 
supported  as  in  a  mammogram  and  then  the  intense  light  is 
transmitted  through  the  tissue.  There  is  no  radiation  in  the 
basic  procedure,  but  unfortunately  at  the  present  time,  the 
sensitivity  and  specificity  is  not  high  enough.  Another  clinical 
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destruction  when  illuminated  at  one  wavelength,  but  when 
illuminated  at  another  wavelength,  undergoes  a  fluorescence. 

This  property  of  fluorescence  is  being  investigated  for  the 
possible  detection  of  metastases  within  tissue.  Another 
potential  application  is  the  illumination  of  tissue,  blood  or 
serum  looking  for  the  fluorescence  of  specific  target 
macromolecules.  The  concept  here  is  that  if  one  were  able  to 
identify  a  specific  protein  antigen  such  as  carcinoembryonic 
antigen  and  were  able  to  identify  a  specific  fluorescence 
spectrum  present  in  serum,  this  would  afford  a  very  quick 
screening  test  for  this  tumor  marker. 

Wavelength  Dependence  of  Tissue  Interaction 

In  general,  light  must  be  absorbed  by  a  molecule  or  tissue 
component  to  have  an  effect.  As  demonstrated  in  the  section  on 
tissue  optics,  this  absorption  can  cause  effects  of  heat,  or 
florescence,  or  optical  breakdown  of  that  particular  compound. 
These  compounds  are  also  known  as  chromophores.  The  major  tissue 
chromophores  are  water,  melanin  and  hemoglobin.  Each  of  these 
chromophores  exhibits  a  complex  absorption  spectra  as  represented 
in  Figure  X.  Melanin  shows  a  gradually  decreasing  absorption  as 
one  increases  in  wavelength.  Water  demonstrates  a  relative 
window  or  lack  of  absorption  in  the  visible  wave  ranges  and 
hemoglobin  is  more  strongly  absorbed  in  the  blue-green  region. 

It  can  also  be  seen  that  the  strongest  absorbing  chromophore  is 
water,  and  the  most  efficient  peak  for  absorption  occurs  around 
3  nanometers.  The  absorption  of  the  C02  laser  energy  at  10.6 


38 


microns  is  accounted  for  in  the  molecular  transition  and 
vibration  modes  of  water.  Since  water  is  one  of  the  most 
efficient  absorber  of  energies,  and  given  the  fact  that  the 
tissue  is  largely  water,  this  means  that  laser  energy  is  absorbed 
very  efficiently  and  penetrates  very  little  in  the  10.6 
nanometer  wavelength.  The  energy  from  a  C02  beam  is  absorbed  in 
a  very  shallow  distance  at  the  surface  of  the  tissue,  vaporizing 
the  surface  water  and  then  proceeding  to  be  absorbed  by  the  next 
layer  down  and  so  on.  The  interaction  of  laser  through  the 
thermal  interaction  with  tissue  then  can  be  thought  of  as  a 
sequential  process  where  the  laser  vaporizes  the  superficial 
tissue  proceeding  deeper  into  the  structure.  Because  of  the  high 
heat  diffusion  capability  of  tissue  due  to  the  water  content,  the 
thermal  spread  ground  the  C02  laser  impact  area  is  limited 
somewhat.  The  thermal  affect  has  been  estimated  to  range  from  50 
to  250  microns  surrounding  the  point  of  impact  of  the  C02  beam. 
Better  absorption  of  water  occurs  at  round  3  nanometers,  and 
several  lasers  are  being  tested  to  take  advantage  of  this  very 
high  absorption.  The  Erbium  YAG  laser  at  2.94  microns  is  one  of 
these,  and  because  of  the  higher  absorption  of  energy,  and 
therefore  the  relative  lack  of  penetration,  the  thermal  damage 
surrounding  the  zone  of  vaporization  is  even  less  for  the  Erbium: 
YAG  laser  (as  small  as  2  microns  for  the  thermal  effect 

_  for  the  Erbium  YAG  compared  to  11  microns  for  the 

C02 .  Bone  is  composed  of  less  water  and,  therefore,  reacts  less 
to  a  C02  beam.  However,  the  Erbium  YAG  laser  in  particular  has 
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been  shown  to  be  somewhat  effective  for  cutting  through  bone. 

The  CO 2  laser  creates  a  ring  of  black  char  where  the 
temperatures  can  reach  several  hundreds  of  degrees  surrounding 
the  zone  of  laser  vaporization.  This  is  not  seen  with  the 
Erbium: YAG  lasers. 

There  are  several  medical  laser  in  the  visible  wavelengths, 
including  the  argon,  KTP  and  Flash  Lamp-Pump  Dye  lasers  which  all 
take  advantage  of  absorption  by  hemoglobin  and  melanin.  These 
lasers  effective  pass  through  the  superficial  lasers  that  are 
transparent  to  these  wavelengths  because  of  their  high  water 
content  and  are  preferentially  absorbed  by  hemoglobin  and  melanin 
in  the  connective  tissue  layers.  Because  of  the  absorption  of 
energy  by  blood,  these  lasers  can  be  used  to  effect  coagulation 
within  the  vasculature.  Hemostasis  with  these  lasers  is 
excellent.  The  Pulsed  Yellow  Dye  Laser  is  more  highly  selective 
in  targeting  hemoglobin  to  the  exclusion  of  other  skin 
chromophores  (melanin)  and  has  found  widespread  application  in 
photocoagulating  port  wine  stains.  The  KTP  and  argon  lasers  due 
to  some  of  their  absorption  with  melanin  are  less  specific  for 
these  applications. 

An  "optical  window"  exists  in  tissue  from  approximately  600 
to  1800  nanometers,  due  to  the  relative  drop-off  in  absorption 
for  melanin,  hemoglobin  and  lack  of  absorption  for  water.  In 
this  region  there  is  no  major  tissue  chromophore  and  light  will 
pass  deep  into  the  tissue  and  scatter  widely.  The  Nd:YAG  laser 
wavelength  of  1.064  nanometers  occurs  within  this  window  and  as  a 
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result,  this  laser  penetrates  very  deeply  and  scatters  widely. 

The  clinical  effect  is  that  this  laser  can  raise  the  temperature 
of  a  large  volume  of  tissue  effecting  coagulation  and  tissue 
thermal  effects  as  deep  as  4  to  5  millimeters  under  proper 
conditions.  Thus  the  Nd: YAG  laser  is  good  as  a  coagulator,  but 
is  not  as  efficient  at  vaporizing  tissue  unless  the  power 
densities  are  increased  into  a  very  high  level  such  as  can  be 
accomplished  by  focusing  the  Nd: YAG  to  the  tip  of  a  contact 
fiber.  The  red  wavelengths  of  light  used  for  photodynamic 
therapy  (630  nanometers)  and  for  laser  biostimulation  with  the 
Helium  Neon  laser  (632.8  nanometers)  are  also  within  this  region 
of  relatively  deeper  tissue  penetration. 

Tissue  Response  to  Light 

The  response  of  tissue  to  light  is  dependent  upon  several 
factors.  The  first  factor  is  wavelength,  but  in  addition,  the 
power  or  total  energy  applied,  and  the  rate  of  time  over  which  is 
energy  is  applied,  and  the  duration  of  light  application  are  also 
vitally  important  in  characterizing  the  response  of  light  with 
tissue.  Total  light  doses  of  between  1  and  10,000  Joules  per 
centimeter  squared  are  most  commonly  used  for  biological  effect. 
It  should  be  apparent  that  the  same  light  dose  may  be  delivered 
by  very  high  intensity  brief  flashes  or  by  low  intensity 
illumination  over  a  very  long  period  of  time.  Each  of  these 
results  in  very  different  tissue  responses.  Very  low  levels  of 
light  energies  applied  over  long  periods  of  time  have  the 
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potential  to  drive  photochemical  reactions  such  as 
photosynthesis.  On  the  other  hand,  focusing  laser  energy  into 
very  small  spots  creating  very  high  power  densities  and  applying 
this  energy  over  a  very  short  time  can  result  in  extreme  thermal 
effects  within  the  tissue.  Sometimes  these  thermal  effects  are 
so  high  as  to  generate  plasmas  within  a  tissue.  The  interaction 
of  light  with  tissue  can  be  broken  down  into  four  basic  types  of 
reactions.  Photochemical,  thermal,  photoablative  and 
electromechanical  reactions. 

Photochemistry 

Low  levels  of  light  energy  applied  to  tissue  over  long 
durations  of  time  can  result  in  photochemical  reactions. 
Photosynthesis  is  a  common  example  of  this.  In  photosynthesis, 
photons  are  absorbed  by  chlorophyll  molecules  and  plant 
chloroplasts  and  eventually  converted  into  a  photon  concentration 
gradient  driving  the  synthesis  of  adenosinetriphosphate. 

The  experimental  treatment  for  cancer,  photodynamic  therapy 
(PDT)  is  an  example  of  clinically  useful  interaction  of  light 
with  tissue  on  a  low  energy  level.  In  PDT,  a  light  absorbing 
chromophore  such  as  the  drug  Hematoporphyrin  Derivative,  (HpD) , 
is  the  compound  responsible  for  light  absorption.  HpD  is 
preferentially  localized  in  malignant  and  embryonic  tissue 
following  systemic  injection.  Once  the  drug  has  localized 
within  the  tumor,  the  tissue  is  illuminated  with  light  on  to  one 
of  the  absorption  peaks  of  hematoporphyrin  derivative. 
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Fortunately,  HpD  has  a  moderately  good  absorption  peak  at  630 
nanometers  (red  light)  which  allows  moderately  deep  penetration 
of  light  into  the  tissue.  Please  see  Figure  X.  The  reaction  in 
photodynamic  therapy  depends  upon  the  presence  of  the  molecule  of 
HpD,  light  of  the  proper  wavelength,  and  molecular  oxygen.  The 
interaction  of  these  three  initiates  a  photochemical  reaction. 

The  photon  of  light  stimulates  HpD  to  a  high  energy  level  and 
through  a  series  of  electron  tranferances  singlet  oxygen  is 
produced.  Localized  tumor  necrosis  is  a  result  of  oxidation  of 
the  host  tissue  by  this  singlet  oxygen.  In  this  reaction,  the 
light  that  is  applied  to  the  tumor  is  given  in  such  a  low  rate  of 
fluence  that  there  is  no  thermal  effect  resulting  from  the  use  of 
the  laser.  Areas  of  normal  tissue  that  do  not  contain 
metaporpharine  derivative  are  spared.  However,  most  tissue  does 
retain  some  HpD  to  a  slight  extent  for  up  to  six  weeks  after 
application,  and  the  major  side  effect  of  is  photosensitivity  to 
sunlight. 

The  concept  of  laser  biostimulation  was  originally  advanced 
in  Europe  and  in  Asia  and  is  being  currently  investigated  with 
applications  in  wound  healing,  chronic  pain  and  arthritis.  The 
mechanism  of  action  of  low  level  light  interaction  with  tissue  to 
bring  these  changes  about  has  not  been  well  worked  out  yet,  but 
may  be  related  to  a  similar  mechanism  as  is  found  in  acupuncture. 
The  effects  on  wound  healing  (i.e.  faster  wound  healing)  and  on 
arthritis  (decreased  inflammation  and  increased  joint  motion) 
potentially  may  be  mediated  by  a  reaction  with  mitochondria.  It 
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has  been  suggested  that  absorption  of  light  by  respiratory 
enzymes  in  mitochondria  can  be  converted  into  chemical  energy 
such  as  ATP.  The  rationale  for  this  being  that  mitochondria 
probably  started  as  a  purple  algae,  and  retain  the  ability  to 
undergo  a  basic  form  of  photosynthesis.  As  stated  before,  the 
mechanism  has  not  yet  been  completely  worked  out. 

Non-thermal  Laser  Tissue  Effects 
Photoplasmolvsis 

At  the  upper  end  of  the  power  density  time  continuum  is 
photoplasmolysis.  In  this  application,  very  high  energies  of 
light  are  applied  to  a  tissue  and  focused  into  very  small  areas 
over  a  very  short  duration.  The  extremely  high  energy  levels 
results  in  a  plasma  formation  within  tissue  with  the  electrons 
being  stripped  away  from  component  atoms  generating  the  plasma. 
This  field  of  plasma  then  expands  throughout  the  tissue 
generating  an  acoustic  or  mechanical  shock  wave  thereby 
disrupting  the  tissue.  This  mechanism  has  also  sometimes  been 
called  photoacoustic,  acoustic  mechanical,  or  electromechanical 
disruption.  The  most  common  medical  procedure  employing  this 
type  of  tissue  effect  is  posterior  capsulotomy  to  remove  the 
fibrous  capsule  that  sometimes  forms  secondary  to  artificial 
lens  implantation  for  ophthalmology.  A  Q  switch  NdrYAG  laser 
generated  peak  powers  in  mega  watt  range  delivered  in  ultrashort 
nano  second  or  pica  second  pulses.  The  plasma  shock  wave 
literally  "blows  apart"  the  fibrous  capsule.  More  recently, 
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exploration  in  the  use  of  plasmolysis  for  the  disruption  of 
ureteral  stones  or  biliary  stones  has  been  investigated  with 
Pulse  Dye  laser.  Pulses  of  intense  light  are  transmitted  through 
a  fiber  and  directed  at  calculi  through  a  endoscope.  The 
acousto-mechanical  disruption  of  these  calculi  yields  smaller 
particles  which  can  be  easily  excreted.  This  procedure  has  been 
found  to  yield  promising  results  in  treatment  for  ureteral 
calculi  and  biliary  calculi. 

Photoablation 

The  process  of  photoablation  is  thought  to  occur  through 
direct  breakage  of  intramolecular  bonds.  The  ultraviolet  light 
is  preferentially  absorbed  by  proteins,  RNA,  and  DNA  and  the 
wavelength  is  short  enough  to  allow  disruption  of  these  bonds 
within  tissue.  The  very  short  pulses  also  minimize  any  potential 
thermal  effects  and  may  contribute  to  the  non-thermal  cutting. 
These  lasers  are  known  as  Excimer  lasers  and  are  used  in  the 
UvA,B  and  C  wavelengths.  Also,  because  of  their  very  short 
wavelength,  they  can  be  focused  into  a  very  small  spot  size  and 
their  depth  of  penetration  is  very  shallow.  Since  scattering 
also  is  minimized,  there  is  very  little  effect  adjacent  to  the 
area  of  photoablation.  Unfortunately,  one  disadvantage  to  the 
use  of  short  wavelengths  for  photoablation  is  the  possibility  of 
ultraviolet  induced  mutagenesis. 

Thermal  Tissue  Effects 
Hyperthermia 
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At  one  step  up  from  photochemistry,  and  several  degrees  down 
from  more  intense  light  interaction  with  tissue  is  a  concept 
known  as  hyperthermia.  Everyone  has  felt  the  warmth  of  the  sun 
during  the  summer,  and  knows  the  potential  of  light  for  heating 
tissue.  If  light  energy  is  controlled  in  its  application  to 
tissue  in  a  very  slow  manner  it  is  possible  to  heat  tissue  very 
gently  without  causing  irreversible  damage.  The  C02  laser  is 
difficult  to  use  for  this  because  of  its  very  limited  optical 
penetration  depth  within  tissue.  However,  the  Nd : YAG  laser  due 
to  its  deeper  optical  penetration  depth,  may  have  a  heating 
effect  than  can  be  transmitted  several  millimeters.  An 
experimental  treatment  of  cancer  known  as  hyperthermia  takes 
advantage  of  the  discovery  that  malignant  cells  do  not  tolerate 
temperatures  above  42.5°  centigrade  as  well  as  normal  tissues. 
Therefore,  the  laser  may  be  used  in  a  low  power  output  to  raise 
tissue  temperature  within  a  sphere  of  tissue  significantly  enough 
to  effect  malignant  cell  death.  The  combination  of  photodynamic 
therapy  with  hyperthermia  has  also  been  found  especially 
promising.  The  application  of  hyperthermia  for  cancer  treatment 
is  not  exclusively  a  demean  of  lasers,  however.  Other  systems 
for  the  generation  of  heat  within  tissue  include  microwaves  and 
magnetic  field  induction  heating  which  have  also  been  used  with 
similar  success  to  lasers. 

Denaturation  (welding) 


When  the  tissue  temperature  is  raised  above  45  degrees 
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centigrade,  protein  de-naturalization  may  occur.  In  some  cells 
and  tissues  this  process  may  be  irreversible,  but  often  time 
results  in  a  slow  cell  death,  and  necrosis  may  not  be  clinically 
evident  for  some  time. 

Above  60  degrees  centigrade,  collagen  is  uncoiled  and  at 
higher  temperatures  is  eventually  coagulated.  Collagen,  a 
triple  helix,  under  mild  heating  may  uncoil  and  exhibit 
characteristics  of  "flowing".  Once  this  has  cooled,  it  may 
spontaneously  re-coil  into  a  helix  regaining  its  basic  form.  In 
theory,  this  de-naturalization/re-naturalization  underlies  the 
technique  of  laser  tissue  welding.  Argon,  NdrYAG  and  C02  lasers 
have  been  used  in  a  very  small  focus,  200  microns,  and  power 
densities  of  50  to  250  watts  per  centimeter  to  weld  together 
skin,  nerves,  arteries,  veins,  vas  deferens,  and  bowel.  This  is 
accomplished  by  heating  the  tissue  to  a  high  enough  temperature 
to  allow  the  collagen  to  flow  into  itself  and  then  allowing  it  to 
cool,  thereby  binding  one  edge  of  the  tissue  to  the  other  edge. 
While  the  tensile  strength  is  low,  there  is  no  foreign  body 
reaction  involved  as  there  would  be  if  sutures  were  used,  and 
healing  appears  to  progress  in  a  unimpeded  manner. 

Coagulation 

Between  65  and  70  degrees  centigrade,  collagen  is 
irreversibly  coagulated  and  cell  death  is  obvious.  On 
microscopic  examination  with  hemotoxin  eosin  the  coagulated  zone 
appears  deeply  stained  with  loss  of  cellulase  architecture. 
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There  is  a  uniformity  in  appearance  across  the  area  of 
coagulation.  Coagulation  is  the  principle  means  of  effecting 
hemostasis  with  the  laser  and  the  depth  or  extent  of  coagulation 
is  directly  related  to  the  penetration  depth  of  the  laser  that  is 
being  used.  Greatest  hemostasis  is  seen  with  the  Nd: YAG  laser 
and  the  least  hemostasis  seen  with  the  Excimer  and  Erbium: YAG 
lasers.  The  potential  for  hemostasis  with  the  Nd: YAG  laser 
allows  the  potential  for  coagulating  vessels  up  to  2  mm  in 
diameter  while  the  CO2  laser  may  effectively  seal  vessels  up  to 
0.5  mm  in  diameter. 

Vaporization 

Vaporization  of  tissue  occurs  when  the  water  in  the  tissue 
is  heated  above  100  degrees  centigrade.  At  this  point,  water  is 
converted  to  vapor  and  in  the  conversion  to  steam  ejected  from 
the  tissue.  Other  tissue  constituents  may  also  be  atomized  and 
injected  along  with  the  steam.  Ejection  velocities  of  2  to  3 
meters  per  second  have  been  observed.  While  the  water  is 
vaporized  due  to  the  osmotic  gradient,  fluid  is  drawn  from 
surrounding  tissue  and  may  cause  desiccation.  This  can  be  seen 
on  the  skin  where  contracture  around  the  impact  site  may  be 
visualized  as  ripples  or  irregularity  in  the  skin  surface. 

The  CO 2  laser  since  it  is  absorbed  primarily  by  water  is  the 
most  efficient  at  vaporizing  tissue,  but  any  laser  capable  of 
raising  tissue  temperature  adequately  may  be  used  for 
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vaporization.  The  total  energy  applied  however,  depends  upon  the 
ability  of  tissue  to  absorb  that  particular  wavelength.  For 
example,  while  CO2  is  usually  absorbed  by  water,  more  energy 
needs  to  be  applied  for  an  Argon  or  KTP  laser  to  cause  tissue 
vaporization  and  yet  quite  a  bit  more  is  needed  to  accomplish  the 
same  effect  with  the  Nd:YAG  laser. 

Tightly  focussing  a  laser  beam  and  drawing  it  across  tissue 
effectively  vaporizes  a  line  of  tissue  and  thus  the  laser  may  be 
used  for  cutting.  If  the  laser  beam  is  defocused  and  the  power 
density  maintained  the  same  as  that  for  cutting,  as  the  laser  is 
swept  over  the  tissue,  ablation  of  the  tissue  occurs.  This 
technique  is  very  useful  for  rapid  debulking  of  large  masses. 

Carbonization 

Biomolecules  and  constitutes  of  tissue  which  are  not 
vaporized  or  removed  with  the  laser  plume  may  remain  in  the  zone 
of  laser  impact.  If  this  material  is  not  effectively  heated 
above  its  boiling  point,  it  may  be  reduced  to  component  carbon 
and  remain  within  the  area  as  a  char.  Continual  application  of 
laser  energy  to  this  char  may  increase  the  temperature  quite 
beyond  100  degrees  centigrade.  The  potential  for  reaching 
temperatures  of  several  thousand  degrees  centigrade  is 
significant  and  this  mechanism  may  account  for  some  of  the  deep 
thermal  effects  that  are  seen  around  some  laser  vaporization 
craters,  especially  with  the  carbon  dioxide  laser.  In  certain 
lasers  such  as  the  Nd : YAG  laser,  the  char  is  used  as  a 


chromophore  and  heat  sink.  The  thermal  effect  resulting  from  the 
absorption  of  the  Nd:YAG  laser  by  this  char  is  actually  used  to 
effect  tissue  thermal  coagulation.  For  CO2  laser  applications 
especially  within  the  larynx,  it  is  advisable  to  remove  the  char 
during  the  procedure  to  minimize  the  thermal  effect  deep  within 
the  tissue. 

Timing  of  the  Laser  Pulse 

The  duration  that  the  laser  pulse  is  in  contact  with  the 
tissue  has  important  applications  for  the  ultimate  tissue  effect. 
As  seen  from  the  previous  section,  long  exposures  of  low  power 
lasers  result  in  photochemical  effects,  whereas  very  short 
exposures  of  very  high  powers  can  result  in  the  formation  of  a 
plasma.  Between  these  two  extremes,  modification  of  the  timing 
parameters  of  specific  lasers  can  effect  the  depth  of  the  thermal 
effect  within  tissue.  The  two  most  obvious  areas  that  timing 
plays  a  critical  role  is  in  the  use  of  the  Flash  Lamp-Excited  Dye 
laser  for  port  wine  stains  and  in  the  use  of  C02  laser  in  the 
suprapulse  mode. 

The  use  of  the  Flash  Lamp-  Excited  Dye  laser  for 
decolorization  of  port  wine  stains  takes  advantage  of  the  fact 
that  the  wavelength  of  577  nanometers  is  absorbed  by  hemoglobin 
very  well,  resulting  in  coagulation  of  the  vasculature.  However, 
if  the  pulse  of  laser  energy  is  supplied  to  the  tissue  for  too 
long,  the  thermal  effect  would  not  only  effect  the  vasculature, 
but  would  also  have  deleterious  effects  on  the  tissue  surrounding 


50 


the  vasculature,  thus  leading  to  scarring.  The  Flash  Lamp- 
Excited  Eye  laser  takes  advantage  of  the  concepts  of  thermal 
diffusion  and  thermal  relaxation  time  of  tissue.  Thermal 
diffusion  is  the  time  required  for  heat  to  be  conducted  from  the 
site  of  energy  absorption  to  an  adjacent  area,  this  amount  of 
time  is  both  tissue  and  area  dependent.  Thermal  relaxation  is 
the  time  necessary  for  the  tissue  to  dissipate  (Ve  of  the 
accumulated  heat  by  re-radiation.  This  value  is  independent  of 
area,  but  is  specific  for  each  tissue  type.  Thermal  diffusion 
times  are  shorter  for  highly  vascularized  tissue,  and  much  longer 
for  bone.  The  Flash  Lamp-Excited  Dye  laser  takes  advantage  of 
the  vasculature  within  the  port  wine  stains  using  a  pulse 
duration  of  450  microseconds  and  an  off-time  that  allows 
diffusion  of  the  heat  away  from  this  area  before  a  second  pulse 
is  applied  to  the  tissue.  The  end  result  is  coagulation  only  at 
the  vasculature  and  not  the  surrounding  tissue. 

The  concept  of  suprapulse  on  a  C02  laser  was  advanced  by 
Hill  in  1967  and  given  clinical  application  by  Terry  Fuller,  et 
al.  in  1982.  The  impact  of  a  C02  laser  beam  on  a  homogeneous 
tissue  composed  of  approximately  80%  water  can  visualized,  to  a 
first  order  proximation,  as  the  impact  of  C02  on  water.  The 
thermal  diffusion  for  water  is  0.001  cm2/sec  and  the  thermal 
relaxation  time  is  0.001  seconds.  If  the  laser  pulse  is  much 
shorter  than  the  thermal  diffusion  time,  then  the  heat  will  not 
spread  beyond  the  optical  penetration  depth  for  that  tissue 
(optical  penetration  depth  is  the  depth  in  which  light  will 
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penetrate  into  the  tissue  with  an  attenuation  of  1/e) .  If  the 
pulse  is  then  terminated,  and  a  period  of  time  longer  than  the 
thermal  relaxation  time  for  that  tissue  is  allowed  to  elapse, 
the  tissue  will  again  return  to  a  steady  state  base  line 
temperature,  thus  heat  will  not  accumulate  and  the  thermal  effect 
surrounding  the  zone  of  laser  vaporization  will  be  minimal. 
Potential  applications  include  the  larynx,  where  one  would  wish 
to  limit  possible  coagulation  on  the  vocalis  muscle.  The 
potential  for  scarring  to  the  underlying  vocalis  ligament  and  the 
associated  vibratory  mass  change  for  the  vocal  cord  is  something 
one  would  wish  to  avoid.  Another  potential  application  is  in 
acoustic  neuroma  dissection  close  to  the  11th  nerve  where  one 
would  wish  to  limit  the  thermal  spread  surrounding  the  removal  of 
the  tumor. 

Another  method  for  limiting  the  duration  of  the  tissue 
exposure  can  be  accomplished  by  adjusting  the  speed  of  movement 
the  of  laser  beam  across  the  surface  of  the  tissue.  Often,  the 
novice  laser  surgeon  tends  to  use  low  power  and  moves  slowly  and 
cautiously  which  results  in  longer  exposure  of  the  energy  to  the 
tissue  and  deeper  thermal  coagulation.  More  experienced 
surgeons  use  higher  powers  with  rapid  movement.  Although  total 
energy  delivered  is  the  same  in  both  instances,  the  expert 
achieves  thermal  precision  and  limited  coagulation  deep  within 
the  tissue. 

Clinical  Consequences  of  Tissue  Effects 
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Previous  sections  have  concentrated  on  demonstrating  the 
initial  tissue  effects  at  the  cellular  level.  The  clinical 
consequences  of  tissue  effects  may  be  examined  at  the  tissue  and 
organ  system.  These  include  the  effects  of  hemostasis, 
antisepsis,  analgesia,  necrosis  and  the  influence  on  healing. 
Hemostasis 

The  degree  of  hemostasis  available  varies  between  types  of 
lasers  and  is  predictable  from  the  optical  penetration  depth  as 
discussed  earlier.  The  Neodymium  Yag  laser  which  has  the 
deepest  optical  penetration  depth  (of  25mm)  has  the  deepest 
coagulation  and  can  seal  blood  vessels  up  to  2mm  in  diameter  with 
proper  application  of  power  parameters.  At  the  other  extreme, 
the  co2  laser  is  only  able  to  seal  vessels  up  to  0.5mm  in 
diameter.  Even  with  the  carbon  dioxide  limitations  for 
hemostasis  it  provides  a  more  bloodless  field  than  a  comparable 
scalpel  incision.  Several  surgeons  have  elected  to  use  the  C02 
laser  for  skin  incisions.  The  resultant  scar  from  C02  incision 
at  6  months  is  almost  indistinguishable  from  a  scalpel  incision 
although  the  early  appearance  is  somewhat  disconcerting.  C02 
laser  has  also  been  used  for  mastectomy  markedly  reducing  the 
blood  loss  and  rate  of  transfusion  for  this  procedure. 

Antisepsis 

The  thermal  effect  of  laser  incision  and  ablation  also  and 
antiseptic  property.  By  raising  the  tissue  temperatures  above 
100  degrees  centigrade.  The  superficial  surface  is  often 
sterilized.  Bacterial  counts  of  the  surface  after  ablation  or 
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removal  of  burn  wound  eschar  with  the  C02  laser  have  shown  marked 
reduction  in  bacterial  load.  In  addition,  postoperative 
infection  rates  have  been  less  following  mastectomy  performed 
with  the  carbon  dioxide  laser  than  with  scalpel  incision. 
Analgesia 

Several  papers  have  claimed  that  by  use  of  laser  excision  or 
laser  incision,  the  postoperative  pain  is  minimized.  The  theory 
behind  this  is  that  as  the  laser  cuts  or  ablates  tissue  it  seals 
or  welds  nerve  endings  closed.  This  reduces  leakage  of  axoplasm 
around  the  end  of  the  cut  nerve  with  decrease  in  spontaneous 
deporzation  of  the  nerve.  Several  studies  have  claimed  this 
effect,  but  to  date  no  good  prospective  controlled  studies  have 
been  designed  to  conclusively  demonstrate  this  fact. 

Necrosis  and  Influence  on  Healing 

The  depth  of  necrosis  is  directly  related  to  the  optical 
penetration  depth  and  thus  the  coagulation.  When  tissue 
temperatures  are  raised  over  approximately  45%  centigrade, 
irreversible  cell  death  occurs.  Therefore,  the  magnitude  of 
tissue  destruction  is  greater  for  those  lasers  which  have  deeper 
optical  penetration  depth  (Nd:YAG  is  much  deeper  than  C02) . 

The  rate  of  healing  depends  upon  the  ability  of  the  body  to 
remove  this  necrotic  tissue.  Therefore  the  rates  of  healing 
generally  can  be  expressed  linearly  going  from  faster  rates  of 
healing  for  the  shallower  thermal  effect  from  C02  laser  to  longer 
rates  of  healing  for  KTP  and  Nd:YAG  laser.  The  scalpel  incisions 
having  much  less  tissue  damage  on  either  side  of  the  cut  would 
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heal  faster  than  any  of  the  laser  incisions,  however  when  wound 
tinsel  strength  is  compared  at  six  weeks,  there  is  not  difference 
between  scalpel  incision  and  most  laser  incisions. 

Lasers  in  Otology 

Three  of  the  most  common  medical  lasers  have  all  been  used 
at  one  time  or  another  for  various  procedures  within  the  ear. 

The  first  report  of  laser  use  for  otology  was  by  Sateloff  in 
using  the  ruby  laser  in  1967.  This  laser  was  soon  abandoned 
because  of  poor  results.  In  1980,  Perkins  (ref.  1  on 
Silverstein's  paper)  reported  on  laser  stapedotomy  for 
otosclerosis  using  the  Argon  laser.  Since  that  time,  the  Argon, 
KTP  and  C02  lasers  have  all  been  used  for  stapedotomy.  In 
addition,  these  lasers  have  been  used  for  tissue  welding  for 
tympanoplasty  and  for  vaporization  for  removal  of  granulation 
tissue  within  the  mastoid  cavity  and  middle  ear  space.  It  is  of 
note  that  most  people  have  recognized  that  the  thermal  effect 
from  the  Nd: YAG  laser  is  too  great  and  have  not  attempted  to 
apply  the  Nd:YAG  laser  for  middle  ear  work  or  stapedotomies . 
However,  the  Nd:YAG  has  been  investigated  for  heating  of  the 
horizontal  semi-circular  canal  in  an  attempt  to  control 
positional  vertigo. 

Lasers  for  Tympanoplasty 

The  three  medical  lasers  have  all  been  used  for 
tympanoplasty.  Each  laser  has  been  used  to  try  and  weld  the 
tympanic  membrane  into  place  with  moderate  success.  Most  surgeons 
have  not  embraced  this  technique  whole-heatedly  as  the  laser 
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parameters  necessary  to  accomplish  the  weld  are  very  precise  and 
control  is  somewhat  lacking.  However,  the  use  of  lasers  for 
removal  of  granulation  tissue  in  the  middle  ear  space  has  found 
application  with  the  use  of  lasers.  Lasers  are  very  effective  at 
tissue  vaporization  and  in  this  instance,  the  C02  laser  is 
probably  the  safest  laser  to  use  due  to  its  limited  thermal 
penetration  depth.  One  study  has  looked  at  the  thermal  effect  of 
C02  laser  use  over  the  fallopian  canal  and  concluded  that  direct 
application  of  electromagnetic  energy  in  this  region  can  cause 
facial  paralysis  in  laboratory  animals.  The  cavity  must  be 
extended  there  for  that  any  radiation  or  heating  over  the 
fallopian  canal  can  be  accompanied  by  facial  paralysis  and  should 
be  avoided. 

Lasers  for  Mastoidectomy 

The  most  common  medical  lasers  have  not  been  used  for 
mastoidectomy  except  for  the  removal  of  granulation  tissue 
encountered  within  the  mastoid.  There  is  not  commercially 
available  laser  at  the  present  time  which  is  very  efficient  at 
removal  of  bone.  The  C02,  KTP  and  Argon  lasers  all  are  done  by  a 
similar  method.  This  method  involves  heating  the  bone  until  a 
char  is  formed  and  then  picking  away  at  the  char.  Often  times, 
this  char  can  be  removed  with  minimal  effort  once  the  bone  has 
been  heated.  Concern  exists  however  about  the  spread  of  thermal 
effect  around  this  area  of  this  char.  In  discussing  laser  tissue 
effects,  it  was  noted  that  when  laser  energy  was  continual 
applied  to  a  char  temperatures  in  access  of  2,000  degrees  have 


56 

been  recorded.  Temperatures  of  this  order  obviously  must  be 
avoided  within  the  ear  space. 

Lasers  Stapedotomv 

Many  surgeons  have  promoted  the  use  of  the  lasers  for 
stapedotomy.  Various  proponents  have  claimed  advantages  for  the 
C02,  Argon  and  the  KTP,  each  for  laser  stapedotomies.  Reported 
advantages  to  the  use  of  the  laser  include  a  "non-contact 
technique",  bloodless  field,  and  3  ease  of  surgery. 

The  "non-contact"  claim  is  somewhat  misleading  however. 

While  the  laser  is  used  in  a  non-contact  technique  to  vaporize 
the  stapes  tendon  and  eventually  char  the  cura  and  the  foot 
plate,  a  straight  pic  must  be  used  to  manually  remove  the  char. 
This  involves  less  pressure  than  maybe  involved  with  drilling  out 
the  foot  plate  with  a  rotating  burr  or  a  buckingham  hand  drill 
but  is  not  a  true  "non-contact  technique". 

Each  laser  has  unique  advantages  and  disadvantages  in  regard 
to  stapedotomy.  The  Argon  and  KTP  lasers  are  not  absorbed  by 
white  bone  and  therefore,  much  of  the  energy  is  reflected  from 
the  surface  of  the  foot  plate  until  the  heat  has  caused  a  char 
formation  then  the  laser  is  absorbed  quite  adequately  at  the  foot 
plate  site.  Potential  difficulties  with  both  the  use  of  the 
Argon  and  by  extension,  the  KTP  laser  include  energy  transmission 
through  an  intact  foot  plate.  Several  authors  have  demonstrated 
temperature  rises  within  the  vestibule  after  application  of  Argon 
and  KTP  laser  to  an  intact  stapes  foot  plate.  In  addition,  Boraf 
in  studying  stapedotomies  performed  with  an  Argon  laser  on  cats 
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noted  damage  to  the  sacculi  on  3  of  8  cats.  This  damage  was  due 
to  the  beam  transmitting  across  the  clear  fluid  and  impacting  on 
the  sacculi  directly  opposite  the  stapedotomy  site.  While  this 
has  not  been  documented  with  KTP  laser,  the  visible  wavelength  of 
KTP  being  so  close  to  that  of  Argon  this  possibility  must  be 
considered  as  well.  The  C02  laser  does  not  vaporize  bone  per 
say.  It  also  works  by  creating  a  char  on  the  foot  plate  which 
must  be  then  picked  away  using  a  straight  pic.  The  C02  laser 
having  a  small  thermal  damage  radius  and  very  high  absorption  by 
water  is  then  rapidly  absorbed  by  the  surface  of  the  perilymph. 
While  some  surgeons  have  cautioned  about  the  possibility  of 
boiling  the  surface  of  the  perilymph  Lesinski  has  shown  that  the 
temperature  rise  with  the  perilymph  is  limited  to  1  degrees 
centigrade  or  less  and  can  be  modified  by  appropriate  selection 
of  pulse  parameters  with  the  C02  laser. 

Overall  results  for  the  use  of  the  laser  to  perform 
stapedotomies  have  delivered  results  comparable  and  in  some  cases 
slightly  superior  to  results  obtained  by  conventional  techniques 
using  rotating  burr  or  buckingham  hand  drill.  Silverstein's  most 
recent  reporting  better  overall  hearing  results  when  compared  to 
conventional  techniques  also  noted  an  increase  incidence  in 
postop  vertigo  with  the  use  of  the  KTP  laser.  He  stated  that  all 
vertigo  had  responded  within  3  weeks  however. 

Conclusion 

The  use  of  lasers  for  otologic  surgery  has  been  performed 
safely  through  judicious  use  of  pulse  parameters  to  limit  thermal 
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effect.  Overall,  results  are  comparable  to  conventional 
techniques  and  in  some  hands  may  actually  be  superior.  The 
extensive  thermal  effect  from  use  of  Argon  and  KTP  lasers  must  be 
considered  and  the  anatomy  fully  appreciated  before  application 
of  energy  from  these  two  units  is  employed.  The  C02  laser  while 
having  less  thermal  effect  is  still  not  without  draw-backs.  The 
ultimate  answer  of  which  laser  to  use  and  when  in  ear  surgery  has 
not  yet  been  determined. 
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The  Effects  of  Thermal  Damage  and  dehydration 

ON  THE  OPTICAL  PROPERTIES  OF  TISSUES 

Inci.Cilcsiz*  a  J.  Welch 

The  University  of  Texas,  Austin,  TX 
Previous  studies  on  laser-tissue  interaction  have  shown  that  the 
appearance  of  tissues  changes  considerably  during  photothermal 
processes.  Either  exposure  to  air  or  protein  coagulation  alters  the 
optical  properties  of  biological  media.  Thus  dosimetry  considerations 
have  to  be  reviewed  if  repetitive  laser  irradiation  is  required  or  long 
irradiation  times  are  used. 

To  observe  the  influence  of  dehydration  and  thermal  damage,  two 
groups  of  experiments  were  carried  out  on  fresh  aorta  samples  from 
human  cadavers  within  24  hours  post  mortem.  A  VARIAN  2300  UV- 
Vis-NIR  spectrophotometer  was  used.  Measurements  of  total 
transmission  and  diffuse  reflection  were  taken  from  300-1800  nm 
using  a  reflectance  accessory.  Data  were  analyzed  in  a  one 
dimensional  inverse  delta  Eddington  diffusion  model  to  calculate 
absorption  and  reduced  scattering  coefficients. 

To  determine  the  effects  of  hydration  levels,  samples  were  subjected 
to  slow  and  relatively  uniform  dehydration  in  a  cold  environment  The 
reflectance  was  lower  than  the  reflectance  of  the  control  samples; 
whereas  the  transmittance  of  the  dehydrated  samples  were  higher. 
However  an  overall  increase  in  the  absorption  coefficient  was 
observed  except  for  an  anticipated  decrease  in  the  water  absorption 
band  around  1350  nm.  Reduced  scattering  coefficient  changed  little  in 
most  cases. 

To  simulate  thermal  damage,  samples  were  cooked  in  constant 
temperature  saline  bath  at  temperatures  varying  from  60-1 00°C  for  300 
seconds.  The  optical  behavior  of  the  samples  cooked  at  60-70°C  were 
very  inconsistent;  whereas  the  reduced  scattering  coefficient  of 
samples  cooked  at  100°C  almost  doubled  control  values.  Relative 
changes  in  the  optical  properties  supported  published  values  at  a 
number  of  discrete  wavelengths  in  the  visible  spectrum. 


OPTICAL  DETECTION  OF  HEAT  DAMAGE  IN  FRESH  CANINE  MYOCARDRJM. 
.1,  Bnsmanl.  S.  L.  Thomsen^,  i.  s.  Saidi^,  S.  L.  Jacques^, 
^Academic  Medical  Centre  in  Amsterdam,  The  Netherlands, 
^University  of  Texas  M.  D.  Anderson  Cancer  Center, 
Houston,  Texas,  USA 

Measured  ofticai  property  changes  were  correlated  to 
birefringence  loss  as  a  quantifiable  histologic  marker  of 


thermal  damage  in  myocardial  slices  heated  in  vitro.  Thin 
slices  (300-600  pm)  of  fresh  canine  myocardium  were 
wrapped  in  water-tight  aluminum  foil  packets  and  heated  in 
a  water  bath  at  different  temperatures  for  1000  s.  Light 
reflection  and  transmission  were  measured  with  an 
integrating  sphere  spectrophotometer  in  the  wavelength 
range  of  590-750  nm  at  intervals  of  10  nm.  The  absorption 
coefficient,  and  the  reduced  scattering  coefficient, 

Pad-Sir  were  calculated  by  the  adding-doubling  method. 
Light  microscopic  paraffin  sections  (5-pm  thick)  stained 
with  hematoxylin  and  eosin  were  examined  by  transmission 
polarization  microscopy  for  thermally  induced  partial  and 
total  loss  of  birefringence.  Birefringence  was  measured 
as  total  image  intensity,  I,  using  the  microscope 
photometer.  The  room  temperature  controls  and  the 
completely  denatured  samples  defined  the  100%  scale  for 
birefringence  (100%  -  ^native  “  ^completely  denatured!  • 
Thermally  induced  coagulation  resulted  in  an  increase  in 
tissue  scattering  that  was  temperature  dependent.  Tissue 
scattering  increased  about  2-fold  at  50°C  and  10  to  15- 
fold  at  80°C  for  all  wavelengths.  Intermediate 
temperatures  yielded  intermediate  increases  in  scattering. 
Such  results  suggest  that  more  than  one  type  of 
denaturation  event  occurs  during  heating  of  myocardium. 
We  hypothesize  (1)  a  distribution  of  macroraolecular 
structures  within  the  tissue,  and  (2)  each  structure  has  a 
different  rate  process  for  denaturation  that  leads  to 
increased  scattering. 

Loss  of  birefringence  began  at  45°C  (loss  of  about  30%  of 
total  native  birefringence)  and  progressively  increased 
with  temperature  to  reach  a  plateau  of  about  88%  loss  at 
6S-75°C.  Complete  loss  of  birefringence  (the  remaining 
12%)  occured  at  78-90°C.  We  hypothesize  that  (1'  the  88% 
fraction  corresponds  to  the  form  birefringence  secondary 
to  the  regular  array  of  the  act in-myosin  molecules  in  the 
sarcomere,  and  (2)  the  12%  fraction  corresponds  to  the 
intrinsic  molecular  birefringence  associated  with  the 
a-helical  structure  of  actin  and  myosin. 


MULTIPHOTON  NUCLEIC  ACID  CROSSLINKING  DEVELOPMENT  OP  A 
QUANTITATIVE  APPROACH  J.A.Trlbble,  M.S. ,  W. Smithwick, B. S. , . 
M. D . Kyzer , B. S . ,  C. S . Edwards ,Ph. D. ,  R.H. Oseof f ,M.D. ,D.M.D. 
Nucleic  acid  photo-crosslinking  has  for  some  time  been  a 
useful  tool  to  the  molecular  biologist  seeking  to  freeze 
biologically  important,  dynamic  structures.  Applicants  how¬ 
ever,  have  been  limited  both  by  a  lack  of  selectivity  and 
low  damage  thresholds,  Theroretical  arguments  and  limited 
qualitative  evidence^  exists  that  multiphoton  processes  may 
push  back  both  of  these  limits  considerably.  We  have  under¬ 
taken  a  quantitative  comparison  of  single-photon  and  two- 
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phocon  singlet  excitation  leading  to  the  formation  of  a  co¬ 
valent  intramolecular  crosslink  in  a-4RNA  system  whose  photo¬ 
chemistry  is  otherwise  well  understood.  One  unit  (*260)  of 
Valine  specific tSNA  (SIGMA  R-8258,  <131  ocher  amino  acid 
acceptor  accivlty)  was  exposed  in  10  ul  of  buffer  (lxTBE  and 
.01  M  MgCl2)  in  a  .5mm  path  length  quartz  cell.  Using  5  min¬ 
ute  exposures  the  power  density  from  an  NdiYAG  pumped  tun¬ 
able  dye  laser  (Quantel)  was  varied  through  a  range  .017  to 
1.2  mJ  per  8ns  pulse  (at  10  Hzt  measured  continuously  using 
a  pyroelectric  detector)  with  a  spot  diameter  of  5mm.  Pro¬ 
duct  yield  quantitated  by  the  reduction  assay  described  by 
Favre  and  Yanlv2  spanned  the  entire  range  of  linear  to  non¬ 
linear  response  to  the  power  density.  Further  evidence  for 
extent  and  nature  of  the  crosslink  yelld  was  obtained  by 
studies  of  electrophoretic  mobility  using  a  gel  system  of 
Quarless  and  Cantor3,  modified  to  resolve  the  5  base  loop 
formed  by  the  specific  intramolecular  crosslink  induced  by 
335nm  light.  The  same  methods  have  been  applied  to  the  study 
of  the  rate  of  forming  this  product  with  a  two-photon  mech¬ 
anism  using  670nm  light.  At  presnet,  powers  up  to  1.6x10s 
W/cm3  (28  mJ  per  8  ns  pulse)  have  not  induced  measurable 
yield  but  efforts  to  increase  this  power  density  are  ongoing 
The  spectroscopy  of  this  tRNA  system  also  provides  an  ex¬ 
cellent  example  for  the  discussion  of  ways  in  which  multi¬ 
photon  processes  can  be  applied  to  biological  systems. 

(1) see  e.g.,  P.P. Calmette  M.W. Herns,  PNAS ,  80(23)i7197-9 
1983 

(2)  A.  Favre,  M.  Yanlv,  FEBS  Lett,  1J(2) : 236-240  (1971) 

(3)  S. A.  Quarless,  C.R.  Cantor,  Anal.  Biochem. 147:296-300 
(1985). 
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PULSED  LASER  GENERATION  AND  OPTICAL  FIBRE  DETECTION 
OF  THERMOELASTIC  WAVES  IN  ARTERIAL  TISSUES 
TN  Mills.  SML  Andrew  and  M  Essenprcis 

Department  of  Medical  Physics  and  Bioengineering,  University  College, 
London.  UK. 

Perforation  of  the  arterial  wall  due  to  poor  guidance  of  the  optical  fibre 
and  incorrect  targeting  of  the  laser  energy  remains  the  principal  drawback 
of  laser  angioplasty.  In  an  attempt  to  overcome  this  problem,  we  are 
developing  a  laser  light  delivery  system  which  incorporates  a  device  for 
sensing  the  vessel  environment,  and  identifying  and  delineating  areas  of 
atheromatous  plaque.  The  system  employs  a  multimode  optical  fibre  for 
transmission  to  the  target  tissue  of  low  energy  10ns  Q  switched  Nd:YAG 
laser  pulses  and  lOOps  fixed  Q  Nd:YAG  laser  pulses.  The  10ns  pulses 
generate  thermoelastic  waves  in  the  target  tissue,  while  the  lOOps  pulses 
are  used  to  ablate  the  plaque.  The  temporal  profile  of  the  thermoelastic 
waves  is  dependant  upon  the  light  attenuating  properties  of  the  target 
tissue  at  the  wavelength  of  the  optical  pulse.  A  frequency  doubler  and 
Raman  cell  shift  the  output  of  the  Q  switched  laser  to  a  region  of  the 
spectrum  where  the  thermoelastic  waves  generated  in  plaque  differ  from 
those  generated  in  healthy  arterial  tissues.  To  sense  the  thermoelastic 
waves  and  their  reflections  from  subsurface  tissue  boundaries,  a  wide 
bandwidth  pressure  sensor  comprising  a  Fabry-Perot  interferometer, 
transparent  to  the  laser  pulses,  is  bonded  to  the  distal  end  of  the  optical 
fibre.  The  thermoelastic  waves  modulate  the  length  of  the  interferometer, 
and  hence,  the  power  of  a  coherent  light  source  reflected  back  through  the 
optical  fibre.  Once  an  area  of  plaque  has  been  positively  identified 
following  demodulation  of  the  intensity  of  the  fringes  of  the 
interferometer,  treatment  using  the  lOOps  pulses  can  proceed  immediately. 
The  system  is  being  developed  for  use  with  not  only  the  pulsed  Nd:YAG 
laser,  but  the  HotYAG,  Er:YAG  and  excimer  lasers  as  well. 
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THERMAL  RESPONSE  DURING  TISSUE 
COAGULATION  BY  SUCCESSIVE  LASER  EXPOSURES 


w 


G.  Yoon1.  P.  S.  Sriram2,  R.  C.  Straight1,  A.  J.  Welch2 

1.  Utah  Laser  Institute,  University  of  Utah,  Salt  Lake  Ci 

2.  Electrical  Engineering,  University  of  Texas  at  Austin 
Tissue  properties  change  during  laser  irradiation.  Dependin' 
power  density  and  exposure  time,  varying  degrees  of  p' 
change  occur.  In  this  work,  temperature  response  caus 
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coagulation  was  studied.  Laser  irradiation  with  the  same  po 
and  exposure  time  was  repeated  on  the  same  spot  to  me 
each  temperature  response  as  the  tissue  was  being  coagu 
The  time  interval  between  the  exposures  was  set  so  thl 
next  exposure  was  launched  after  the  tissue  tempera 
returned  to  the  initial  temperature.  Energy  was  limited  to  * 
ablative  processes.  A  NdiYAG  (1.06  pm)  laser  was  used 
thermal  camera  measured  surface  temperature.  Sampl 
human  aorta  and  chicken  breast  were  used.  Coagulation  : 
to  increase  both  absorption  and  scattering.  This  chang 
observed  in  the  temperature  response.  When  the'tiss 
coagulated,  the  temperature  increase  became  higher 
power  density  exposures,  which  did  not  produce  visual  da" 
led  to  nearly  identical  temperature  responses,  i  Co 
simulations  based  on  the  light  diffusion  and  bio-heat  com 
equations  were  applied  to  analyze  the  experimental  data 
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SOFT  TISSUE  EFFECT  OF  PULSED  AND  CONTINUOUl 
WAVE  1.32  and  1.06  pm  WAVELENGTHS  of  the 
LASER  .  ., 

Elio  Rebeiz.  Stanley  m.  Shapshay,  :  V 

Michail  M.  Pankratov,  Femke  Van  Overbeek 
Lahey  Clinic,  Burlington.  MA. 

The  Nd:YAG  laser  is  widely  used  clinicall 
vaporization  coagulation  and  ablation  of 
tissue  tumors.  It  is  however  poorly  absorb* 
water  due  to  its  conventional  wavelength  o 
1.06  Jim.  Previous  investigations  have  show 
good  clinical  potential  for  the  use  of  the 
pm  wavelength  Nd:YAG  laser  because  of  its 
better  soft  tissue  absorption  than  the  1.0 
wavelength  Nd: YAG  laser.  The  absorption 
coefficient  in  water  of  the  1.32  urn  wavel 
Nd: YAG  laser  is  10  times  higher  than  the  1 
pm  wavelength  Nd: YAG  laser.  A  comparative 
vivo  study  of  laser  soft  tissue  effects  wa 
performed  using  the  1.32  pm  wavelength  and 
1.06  pm  wavelength  Nd : YAG  lasers  in  a  pulse 
wave  (PW)  mode  and  continuous  wave  (CW)  mod 
using  a  noncontact  delivery  system.  A  s'" — 
5  mm  skin  lesion  was  made  in  rat  using  a  n 
held,  600  pm  fiber,  at  a  power  of  15  to  36 
Watts,  and  0.5  second  exposure  time  PW.  -J, 
Soft  tissue  effects  were  examined  by  light 
microscopy,  acutely,  1  week,  and  2  weeks  a 
operation,  and  a  comparison  was  made  betw 
the  different  laser  modalities  relative  t 
acute  damage  and  to  healing. 

To  create  a  0.5  cm  lesion,  higher  energy' 
required  when  using  the  1.06  pm  wavelength 
Nd : YAG  laser.  Soft  tissue  injury  was  grea 
with  the  1.06  pm  wavelength  in  CW  mode.  S 
tissue  healing  after  1  and  2  weeks  was  bet 
with  the  1.32  pm  wavelength  laser.  In 
comparison,  the  C02  laser  and  the  contact 
Nd:YAG  laser  proved  to  be  more  precise  cut 
tools  than  the  1.32  pm  wavelength  or  the  1. 
pm  wavelength  Nd : YAG  lasers.  Both  Nd: YAG 
wavelengths  were  useful  for  coagulation  an 
vaporization  of  tissues  and  blood  vessels. 
More  studies  are  needed  to  determine  the 
of  the  new  1.32  pm  wavelengths,  and  the 
possibility  of  combining  a  cutting  and 
coagulating  Nd:YAG  laser  wavelengths,  to 
used  simultaneously. 
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An  Investigation  ot  Laser-Induced  Protein  Synthesis 
by  Cultured  Fibroblasts 

DEBRA  A.  GONZALEZ  MD.  JEFFREY  M.  DAVIDSON,  PhD, 

DAVID  L,  ZEALEAR,  PhD,  and  ROBERT  H.  OSSOFF.  DMD,  MD, 
Nashville,  Tenn. 

While  lasers  have  been  conventionally  used  in  medicine  as 
ablative  or  photocoagulating  instruments,  there  is  growing 
evidence  in  the  literature  that  laser  energy  may  also  be  used 
in  subtle  ways  to  modulate  cellular  metabolic  activity  and 
wound  repair.  The  purpose  of  this  investigation  was  twofold: 

(1)  to  determine  whether  sublethal  laser  irradiation  can  alter 
the  pattern  of  overall  protein  synthesis  by  cells  in  culture  and 

(2)  whether  the  observed  changes  in  protein  synthesis  are 
caused  by  nonspecific  thermal  mechanisms  or  to  specific  pho¬ 
tochemical  events  related  to  the  spectral  characteristics  of  the 
irradiation. 

Cultured  human  skin  fibroblasts  were  exposed  to  either 
sublethal  Nd:YAG  laser  irradiation  or  heat  shock  at  42°  C. 
Laser  power  densities  and  heat  intensities  used  were  deter¬ 
mined  to  be  sublethal  by  a  dye  exclusion-viability  assay.  After 
laser  irradiation  or  heat  shock,  cells  were  incubated  in  media 
containing  "S-methionine  and  time  allowed  for  the  incor¬ 
poration  of  radioactivity  during  protein  synthesis.  Radiola- 
belled  proteins  were  separated  from  unincorporated  amino 
acids  in  the  cell  lysates  and  incubation  media  by  TCA  pre¬ 
cipitation.  Equal  numbers  of  precipitable  counts  per  minute 
were  loaded  onto  SDS-polyacrylamide  gels.  After  electro¬ 
phoresis.  autoradiography  was  performed  in  order  to  detect 
bands  of  newly  synthesized  radioactive  proteins.  The  media 
were  processed  separately  from  the  cell  lysates  in  order  to 
analyze  the  pattern  of  secretory  proteins  in  isolation.  These 
represented  the  extracellular  matrix  proteins  that  participate 
in  wound  healing.  Proteins  within  the  cell  lysates  represented 
cytoplasmic  proteins,  whose  synthesis  has  been  shown  to  be 
induced  by  heat  shock  and  other  stresses. 

Preliminary  results  indicated  that  sublethal  Nd:YAG  irra¬ 
diation.  delivered  continuously  at  power  densities  ranging 
from  500  to  1750  Joules/cm1,  was  capable  of  inducing 
changes  in  the  type  and  quantity  of  synthesized  proteins  by 
fibroblasts.  Autoradiography  of  the  cell  lysates  revealed  at 
least  one  new  protein  induced  by  either  laser  irradiation  or 
heat  shock.  This  protein  band  had  a  molecular  weight  of  85 
to  89  kilodaltons.  Within  the  media  fractions,  increased  syn¬ 
thesis  of  a  60-kilodalton  molecular  weight  protein  was  ob¬ 
served  after  laser  irradiation,  but  not  after  heat  shock  at 
42°  C. 

These  observations  suggest  that  both  thermal  and  spectral 
components  may  play  a  role  in  the  alteration  of  protein  syn¬ 
thesis  by  cultured  fibroblasts.  However,  laser  photochemical 
effects  may  more  readily  influence  synthesis  of  those  proteins 
secreted  by  cells  during  wound  healing. 

(Supported  by  the  SDIO  Office  of  Naval  Research) 
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Intraoperative  Photodynamic  Therapy  for  the 
Eradication  of  Aggressive  and  Invasive  Tumors 

RANDY  L.  JENSEN.  R.  KIM  DAVIS.  MD.  and 
RICHARD  C.  STRAIGHT.  PhD.  Salt  Lake  City.  Utah 

This  study  involves  the  use  of  intraoperative  photodynamii 
therapy  (PDT)  for  the  treatment  of  aggressive  and  invasive 
carcinomas.  Cl 300  mouse  neuroblastoma  was  surgically  re 
sected  from  the  flank  of  AJ/CR  mice  and  PDT  of  the  oper 
surgical  bed  was  used  to  destroy  remaining  tumor  cells.  Other; 
have  shown  this  to  be  an  effective  modality  for  tumor  removal 
(75%  cure  rate  with  514  nm  light  and  50%  with  628  nm  light) 
when  using  high  light  doses  (127  mW/sq  cm)  and  long  (10- 
minute)  exposure  times. 

Our  goal  was  to  use  a  low  light  dose  and  short  exposure 
time  (41  mW/sq  cm,  2-minute  exposure)  to  develop  a  more 
clinically  useful  model  for  adjuvant  surgical  PDT.  Standaru 
PDT  treatments,  comparable  to  those  used  in  the  intraoper¬ 
ative  study,  showed  no  cure  of  tumor,  but  growth  was  lagged 
for  3  days.  Animals  receiving  surgical  resection  only  had  a 
12%  cure  rate.  Intraoperative  PDT  with  628  nm  light  showed 
a  32%  cure  rate,  and  514  nm  laser  light  provided  a  41%  cure 
rate.  Therefore,  we  believe  that  intraoperative  PDT,  even  with 
low  light  doses  and  short  exposure  time,  can  substantially 
decrease  the  recurrence  of  tumor  after  surgical  resection. 
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The  Detection  and  Treatment  of  Post-Thyroidectomy 
Hypocalcemia 

HUGH  E.  HETHERINGTON.  MD.  DON  B.  BLAKESLEE.  MD. 

NEWTON  O.  DUNCAN.  MD,  JAMES  C.  ROCKWELL.  MD.  and 
STANLEY  C.  HARRIS.  MD.  Tacoma.  Wash. 

Hypocalcemia  following  thyroid  surgery  is  not  uncommon, 
but  in  most  cases  is  transient  in  nature.  Close  monitoring, 
however,  is  necessary  to  avoid  complications  if  significant 
hypocalcemia  occurs.  Various  authors  have  reported  hypo¬ 
calcemia  requiring  treatment  in  13%  to  28%  of  cases  post¬ 
thyroidectomy,  with  an  incidence  of  permanent  hypocalcemia 
in  2%  to  4%  of  patients. 

Records  of  112  patients  who  underwent  partial  or  total 
thyroidectomy  at  Madigan  Army  Medical  Center  over  the  part 
5  years  were  retrospectively  reviewed.  Significant  postoper¬ 
ative  hypocalcemia,  defined  by  serum  <8.0  mg/dl.  occurred 
in  24  (24. 1%)  patients.  Fifteen  ( 13.4%)  of  these  were  treated 
for  hypocalcemia,  whereas  12  (10.7%)  had  transient,  self¬ 
limited  hypocalcemia  not  requiring  therapy.  Hypocalcemia 
occurred  in  31.9%  of  patients  undergoing  thyroidectomy  for 
malignant  disease  and  in  18.5%  with  benign  thyroid  disease. 
Treatment  for  hypocalcemia  was  required  in  21.3%  ot  ma¬ 
lignant  thyroid  cases,  compared  to  7.7%  of  benign  thyroid 
pathology.  Therapy  for  hypocalcemia  was  not  required  :n 
patients  simply  undergoing  hermthyroidcctomy. 

From  this  experience,  we  describe  in  detail  and  advocate 
a  rational  protocol  for  the  detection  and  treatment  of  hypo¬ 
calcemia  pjst-thyroidectomy.  This  protocol  represents  a  sate, 
practical  approach  to  management  of  post-thyroidectomy  hy¬ 
pocalcemia  and  is  of  particular  value  in  a  teaching  institution. 
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9:00  AM 

A  Comparison  of  Vocal  Fold  and  Skin  Fibroblast 
Ela'stln  Production  In  Tissue  Culture 

DEBRA  A  GONZALEZ,  MD,  DAVID  L.  ZEALEAR,  PhD, 

J.M.  DAVIDSON,  PhD,  and  ROBERT  H.  OSSOEF,  MD,  DMD, 
Nashville,  Tenn. 

The  biomechanical  properties  of  the  vocal  cord  allow  for 
its  vibration,  lengthening,  and  shape  change  during  voice 
production.  Histologic  studies  have  shown  that  the  vocal  fold 
mucosa  is  primarily  a  connective  tissue,  and  that  elastin  is 
prominent  within  the  lamina  propria.  Because  the  only  known 
function  of  elastin  is  to  provide  elastic  recoil  to  tissues,  we 
suspect  vocal  fold  elastin  is  a  necessary  feature  for  normal 
voice  production.  Experiments  were  performed  in  order  to 
determine  if  a  structure  requiring  high  elasticity  for  normal 
function — such  as  the  vocal  fold — contains  fibroblast  cells 
distinguished  in  their  elastogenic  capacity. 

Vocal  cord  and  skin  fibroblasts  were  explanted  and  main¬ 
tained  in  tissue  culture.  An  enzyme-linked  immunoassay  was 
used  to  quantify  the  soluble  tropoelastin  (TE)  secreted  by 
early  passage  cells  into  the  tissue  culture  media.  Compari¬ 
son  of  dog  vocal  fold  and  pig  skin  elastin  production  re¬ 
vealed  that  the  vocal  fold  cells  produced  150,000  molecules 
TE/cell/hour,  which  was  2  to  4  times  greater  than  skin  fi¬ 
broblast  TE  production.  TE  production  by  both  cell  types  was 
up-regulated  by  treatment  with  1.6  p.M  hydrocortisone  (in¬ 
creased  120%  by  skin  cells  and  53%  vocal  fold  cells).  These 
models  were  initially  chosen  because  they  closely  resemble 
human  tissues:  vocal  cords  of  dogs  and  human  beings  have 
similar  histologic  features,  whereas  the  skin  of  pigs  and  human 
beings  is  noted  to  be  biochemically  similar.  Despite  the  at¬ 
tempt  to  individualize  each  assay  by  using  competing  antigen 
(alpha  elastin)  purified  from  the  same  species,  we  were  con¬ 
cerned  about  the  accuracy  of  an  inter-species  comparison. 
Comparing  elastin  production  by  fibroblasts  taken  from  vocal 
cord  and  skin  of  the  dog,  vocal  fold  cells  produced  twice  as 
much  TE  as  skin  cells. 

In  order  to  assess  the  functional  significance  of  cells  ex¬ 
hibiting  high  elastogenic  activity,  fibroblast  elastin  synthesis 
was  compared  in  two  species  differing  in  their  vocalization 
behavior.  Dog  vocal  fold  cells  produced  5  times  more  TE 
(>100,000  molecules/cell/hour)  than  pig  vocal  fold  cells. 

Vocal  fold  fibroblast  cell  cultures  represent  a  valuable  too! 
for  the  study  of  vocal  fold  connective  tissues.  The  finding 
that  dog  vocal  fold  cells  produce  significantly  more  elastin 
than  skin  cells  supports  the  idea  that  elastin  is  an  important 
component  within  the  vocal  fold  mucosa.  The  finding  that 
dog  vocal  fold  cells  produce  significantly  more  TE  than  pig 
vocal  fold  cells  correlates  well  with  published  comparative 
histology  showing  less  elastin  within  pig  vocal  fold  mucosa, 
and  suggests  that  vocal  fold  fibroblasts  grown  in  culture  ex¬ 
hibit  levels  of  elastogenesis  that  are  representative  of  their 
physiologic  activity  in  vivo. 

(Supported  in  part  by  the  Veterans  Administration,  Genen- 
teeb ,  Inc. ,  and  NIH  grants  AG  06528  and  GM  37387  [ J.  M.  D.  J 
and  the  SDIO  Office  of  Naval  Research  [R.H.O.].) 


9:15  to  10:15  a.m. 

Posters  (Session  C) 
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10:15  am 

Effect  of  Superior  Laryngeal  Nerve  on  Vocal  Fold 
Function:  An  In  Vivo  Canine  Model 

DAVID  H.  SLAW,  MD,  and  THOMAS.  V.  McCAF FREY.  MD,  PhD, 
Rochester,  Minn. 

Assessment  of  laryngeal  framework  surgery  requires  an 
awareness  of  the  effect  of  vocal  fold  mass,  stiffness,  and 
position  on  voice  production.  The  vibratory  pattern  of  the 
vocal  folds  during  phonation  depends  on  the  transglottic  pres¬ 
sure  plus  the  mass  and  stiffness  of  the  folds.  To  assess  the 
effect  on  phonation  of  variations  in  vocal  fold  tension  with 
contraction  of  the  cricothyroid  muscle,  eight  mongrel  dogs 
were  studied  using  an  in  vivo  canine  model.  Photoglotto- 
graphy,  electroglottography  and  subglottic  pressure  were  si¬ 
multaneously  recorded  as  airflow  rate  and  superior  laryngeal 
nerve  (SLN)  stimulation  were  varied.  Stimulation  of  the  SLN 
was  modified  by  varying  the  frequency  and  voltage  of  the 
stimulating  electrical  signal. 

Multiple  regression  analysis  of  the  data  revealed  a  direct 
relationship  between  the  voltage  of  SLN  stimulation  and  fre¬ 
quency  of  vibration  (p  <  0.001).  Increases  in  the  stimulating 
voltage  to  the  SLN  also  led  to  an  increase  in  open  quotient 
(p  <  0.001),  but  no  statistically  significant  change  in  speed 
quotient,  subglottic  pressure,  or  sound  intensity.  Changing 
the  frequency  of  SLN  stimulation  had  only  a  modest  change 
in  frequency  of  vibration. 

These  results  for  the  in  vivo  canine  model  are  consistent 
with  the  reported  findings  of  an  increase  in  frequency  and 
open  quotient  with  increased  tension  in  an  in  vitro  canine 
model.  The  clinical  implications  of  these  results  will  be  dis¬ 
cussed,  with  emphasis  on  the  changes  in  vibratory  pattern  of 
the  vocal  folds  produced  by  changes  in  their  stiffness  and 
tension  with  laryngeal  framework  procedures. 

10:30  a.m. 

Study  of  Phonation  In  the  Excised  Canine  Larynx 

ERICO  YANAGI.  MD,  and  THOMAS  V.  McCAFFREY,  MD,  PhD, 
Rochester,  Minn. 

The  excised  canine  larynx  has  been  a  useful  research  model 
for  the  analysis  of  the  mechanical  factors  affecting  vocal  fold 
vibration.  With  the  vocal  folds  in  the  maximally  abducted 
position,  previous  studies  have  demonstrated  that  the  laryn¬ 
geal  muscles  responsible  for  pitch  variation  and  vocal  effi¬ 
ciency  are  the  cricothyroid  muscles  affecting  longitudinal  ten¬ 
sion  of  the  vocal  folds  and  the  thyroarytenoid  muscle  con¬ 
trolling  the  lateral  stiffness  of  the  vocal  folds. 

Longitudinal  tension  in  the  vocal  fold  is  easily  simulated 
in  (he  excised  canine  larynx.  The  effect  of  the  thyroarytenoid 
muscle,  however,  has  not  been  adequately  analyzed.  To  sim¬ 
ulate  the  effect  of  the  thyroarytenoid  muscle  in  producing 
lateral  stiffness  of  the  vocal  fold,  small  balloons  were  placed 
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Late  Esophageal  Rupture  as  a  Complication  of 
Anterior  Cervical  Spine  Surgery 

MONTE  S.  KEEN,  MD,  and  DEBORAH  SEELIG,  MD. 

New  York  City,  N.Y. 

Esophageal  rupture  as  a  complication  of  anterior  neck  sur¬ 
gery  is  a  rare  and  life-threatening  entity  that  usually  manifests 
early  in  the  postoperative  course.  Early  diagnosis  and  ag¬ 
gressive  management  are  necessary  in  order  to  avert  a  mor¬ 
tality.  It  is  almost  unheard  of  for  a  surgically  related  esoph¬ 
ageal  perforation  to  occur  3  weeks  postoperatively. 

We  report  a  case  of  late  esophageal  perforation  induced  by 
a  stripped  screw  used  to  plate  the  anterior  cervical  spine.  The 
management  of  this  interesting  and  highly  unusual  case  will 
be  presented  along  with  a  review  of  the  literature. 

22 

Inverted  Papilloma  of  the  Temporal  Bone  With 
Neoplastic  Degeneration 

UlANE  G.  HEATLEY,  MD.  ASHLEY  G.  ANDERSON.  Jr.,  MD,  and 
DOUGLAS  M.  ENGLAND.  MD.  Madison,  Wis. 

Inverted  papilloma  of  the  sinonasal  tract  is  a  well-described 
pathologic  entity,  although  its  cause  remains  obscure.  It  is 
known  to  be  locally  aggressive  and  often  recurrent  after  sur¬ 
gical  excision.  Inverted  papilloma  has  been  associated  with 
squamous  cell  carcinoma  in  a  significant  number  of  patients. 

We  present  the  case  of  one  patient,  treated  over  a  9-year 
period  for  nasal  inverted  papilloma,  in  whom  ipsilateral  in¬ 
volvement  of  the  middle  ear  and  mastoid  developed.  The 
mastoid  papilloma  degenerated  into  squamous  cell  carcinoma 
and  invaded  the  posterior  cranial  fossa.  The  tumor  eventually 
extended  into  the  temporal  lobe,  despite  surgical  excision  and 
radiotherapy.  Inverted  papilloma  in  the  temporal  bone  has  not 
been  previously  documented  in  the  literature.  Inverted  pap¬ 
illoma,  its  association  with  malignancy  and  metastasis,  and 
the  possible  role  of  human  papilloma  virus  are  discussed. 


23 

Distribution  of  Human  Mast  Cell  Subsets  In 
Nasal  Tissue 

KEITH  M.  DOCKERY.  MD,  ARISTIDES  SISMANIS,  MD, 

ANNE-MARIE  IRANI,  MD,  and  E.  SPOOK.  MD,  Atlanta.  Ga„ 
Richmond,  Va„  and  Durham,  N.C. 

The  distribution  of  two  types  of  human  mast  cells  was 
determined  in  nasal  biopsies  from  normal  individuals 
(n  =  12)  and  subjects  with  allergic  rhinitis  (n  =  13),  as  well 
as  in  nasal  polyps  of  subjects  with  allergic  rhinitis  ( n  =  6), 
aspirin  sensitivity  (n  =  6),  chronic  sinusitis  (n  =  9),  and 
cystic  fibrosis  (n  =  16). 

A  double  immunohistochemical  staining  technique  was 
used  to  differentiate  between  mast  cells  containing  tryptase 
but  not  chymase  (MCT  cells)  and  mast  cells  containing  tryp¬ 
tase  as  well  as  chymase  (MCTC  cells).  MCT  cells  were  the 
predominant  type  of  mast  cell  present  in  the  epithelium, 
whereas  MCtc  cells  predominated  in  the  subepithelium.  No 
significant  differences  in  distribution  of  MCT  and  MCtc  cells 
were  seen  between  the  various  groups.  Thus,  the  distribution 
of  MCt  and  MCtc  cells  does  not  appear  to  be  altered  in 
diseased  nasal  tissue  as  compared  to  normal. 

24 

CO,  Laser  Micromanipulator  Parallax  Error  Resolved 

JAY  A  WERKHAVEN,  MD.  JERRI  TRIBBLE,  and 
ROBERT  H.  OSSOFF.  MD.  DMD.  Nashville.  Tenn. 

Most  current  CO:  laser  micromanipulators  for  microlar¬ 
yngoscopy  experience  the  parallax  aiming  problem.  This  oc¬ 
curs  when  the  beam  mirror  is  offset  below  the  optical  path 
for  the  microscope,  making  use  of  the  laser  difficult,  through 
small  laryngoscopes  or  in  pediatric  patients.  The  newer  “hot 
mirror  technology”  micromanipulators  that  are  now  available 
overcome  this  problem. 

In  addition  to  providing  a  laser  beam  coincident  with  the 
optical  path,  most  offer  much  smaller  spot  sizes  (250-micron 
diameter  at  400-mm  focal  length),  but  all  partially  block  some 
of  the  light  available  for  illumination.  To  quantitate  this, 
optical  absorption  spectra  were  determined  for  six  hot  mirrors. 
Clinical  experience  with  more  than  100  cases  has  demon¬ 
strated  the  advantages  of  these  new  mirrors  to  minimize  mu¬ 
cosal  thermal  damage  and  give  improved  exposure  for  sub¬ 
glottic  and  pediatric  laryngoscopy. 
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10:30  a.  m.  to  12:10  p.m, 

Room  215,  KCCC 

•  BIOTECHNOLOGY  IN  OTOLARYNGOLOGY 

G.  RICHARD  HOLT,  MD,  MSE, 

San  Antonio,  Texas  (moderator) 


10:30  a.m. 

Introduction  of  a  New  Device,  the  “Scope  Scrubber", 
For  Endoscopic  Sinus  Surgery 

ELiE  E.  REBEIZ.  MD,  STANLEY  M.  SHAPSHAY,  MD, 

DAVID  W.  KENNEDY.  MD,  and  MICHAIL  M.  PANKRATOV,  MS, 
Burlington,  Mass.,  and  Philadelphia,  Pa. 

Since  its  introduction,  the  instrumentation  for  nasal  endo¬ 
scopic  surgery  has  continued  to  evolve.  However,  deposition 
of  debris  and  blood  on  the  lens  remains  a  major  problem. 
The  necessity  to  clean  the  lens  delays  the  surgery  significantly, 
and  calls  for  frequent  removal  of  the  telescopes.  The  currently 
available  suction  irrigators  are  too  bulky  for  atraumatic  use. 

In  order  to  overcome  this  problem,  a  new  instrument,  the 
“scope  scrubber”,  was  designed  to  allow  self-cleaning  of  the 
telescope  lens.  It  consists  of  a  thin  metallic  sleeve  that  fits 
around  0°  and  30°  sinus  telescopes  and  is  connected  to  a 
suction-irrigation  machine,  operated  by  a  foot  control. 

This  instrument  was  easy  to  use  in  the  laboratory  on  a  live 
canine  model  and  on  37  patients  undergoing  endoscopic  sinus 
surgery.  The  volume  of  fluid  delivered  per  stroke  was  0.1 
ml,  and  the  average  volume  of  irrigation  fluid  was  45  cc 
during  a  standard  procedure.  The  telescope  was  removed  only 
occasionally,  even  when  bleeding  was  moderate-to-severe. 

The  “scope  scrubber”  is  a  major  addition  to  the  endoscopic 
sinus  surgery  instrumentation.  It  makes  the  procedure  sig¬ 
nificantly  easier,  improves  visualization,  and  shortens  oper¬ 
ating  time.  The  device  can  be  modified  to  fit  bronchoscopic 
telescopes,  as  it  may  be  very  useful  in  laser  bronchoscopy. 

10:36  a.m. 

Improved  Endoscope  Technique  For  Establishment  of 
Tracheoesophageal  Puncture  For  Speech  Restoration 

ISAAC  EUACHAR,  MD,  FRCS.  Cleveland.  Ohio 

A  new  endoscopic  method  to  safely  and  readily  establish 
a  tracheoesophageal  puncture  for  accommodation  of  voice 
prostheses  after  total  laryngectomy  is  presented.  This  tech¬ 
nique  uses  a  newly  designed,  double-tubed  esophagoscope 
that  incorporates  a  distal  aperture  through  which  the  trachea! 
esophageal  puncture  may  be  executed  while  the  risk  of  mis¬ 
placement,  false  passage,  mediastinal  trauma,  or  infection  is 
minimized.  A  special  clamp  ensures  introduction  of  the  cath¬ 
eter/stent  into  the  esophagus,  simultaneously  guiding  it  cau- 
dally  through  the  lumen  in  one  single  motion.  The  introducer 
can  then  be  retracted,  leaving  the  catheter  in  its  desired  po¬ 
sition 


oz-  b- 

The  design  of  the  endoscope  permits  its  removal  without 
disturbing  the  catheter.  This  method  requires  minimal  training 
and  should  be  safe  and  fool-proof.  Its  clinical  advantages  will 
be  reviewed. 

10:42  a.m. 

A  New  Endotracheal  Tube  for  CO,  and  KTP/532  Laser 
Surgery  of  the  Upper  Aerodlgestive  Tract 

ROBERT  H.  OSSOFF.  MD,  DMD,  AL  ALY.  MD, 

NICK  HOUCHIN,  AAS,  and  DEBRA  GONZALEZ.  MD. 

Nashville,  Tenn.,  and  Burlington,  Vt. 

A  new  endotracheal  (ET)  tube  has  been  developed  for  laser 
surgery  of  the  upper  aerodigestive  tract  with  the  carbon  diox¬ 
ide  (CO,,)  and  potassium  titanyl  phosphate/532  (KTP/532) 
lasers.  The  tube  itself  is  made  of  silicone,  which  is  wrapped 
circumferentially  with  reflective,  metallic  tape  by  a  special 
process  that  uses  no  adhesive  backing.  Teflon  tape  is  wrapped 
over  the  reflective,  metallic  tape  to  prevent  any  mucosal  injury 

during  either  intubation  or  extubation.  This  Teflon  tape  re-  _ 

tracts  out  of  the  way  during  impact  with  either  laser. 

Because  methylene  blue  crystals  are  present  within  the  ET 
tube  cuff  insufflation  line,  inflating  the  cuff  with  saline  will 
yield  methylene  blue-colored  saline  in  the  cuff.  The  tube  is 
shipped  sterile  and  ready  for  intubation;  neurosurgical  cot- 
tonoids  are  included  in  the  package. 

This  tube  has  been  tested  extensively  in  our  laboratory  with 
the  CO,  laser,  including  microspot  and  the  KTP-532  laser, 
and  has  been  found  to  resist  penetration  and  combustion  with 
both  wavelengths  under  normal  operating  conditions. 

10:48  a.m. 

Self-Monitoring  Tracheotomy  Tube 

ROBERT  K.  EINHORN,  MD,  STEVE  I.  SZOKE,  MS,  and 
YOSEF  P.  KRESPI,  MD.  New  York  and  Brooklyn,  N.Y. 

This  electronic  safety  device  attaches  to  tracheotomy  tube 
for  maintaining  and  monitoring  airway  patency  in  a  trache- 
otomized  patient.  The  apparatus  is  comprised  of  two  inde¬ 
pendent  sensing  devices.  This  device  is  designed  to  (1)  warn 
when  there  is  absence  of  air  flow  and  (2)  send  an  alarm  when 
the  tube  becomes  obstructed,  because  of  a  plug  or  mucus 
buildup.  The  first  sensor  includes  thermocouple  sensors,  dis¬ 
posed  in  such  a  way  that  the  movement  of  the  air  in  the  tra¬ 
cheotomy  tube  is  identified.  The  second  sensor  includes  a 
capacitor  disposed  in  the  tracheotomy  tube  to  detect  the  per¬ 
cent  of  occlusion.  Both  sensing  signals  are  electronically  con¬ 
nected  with  an  alarm  and  display  system,  the  systems  being 
(1)  a  patient  unit  and  (2)  a  remote  radio  nursing  station  unit. 
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1.  Fluorescence  detection  and  identification  in  the  management  of  acute  otitis  media. 

Collaborators:  Jay  Werkhaven,  M.D. 

The  Nemours  Children’s  Clinic 
Jacksonville,  Honda 

Jerri  Tribble 
Dept,  of  Physics 
Vanderbilt  University 

Huorescence  Spectroscopy  of  Bacteria  <n  Otitis  Media,  J.A.  Tribble,  J.  Werkhaven  and  L.  Reinisch, 
Applied  Spectroscopy  (in  preparation). 

Abstract 

The  management  of  otitis  media  in  children  continues  to  be  hampered  by  two  fundamental 
problems:  The  prevalence  of  bactericidal  resistant  species  is  increasing  (frequent  misdiagnosis  lead 
only  to  enhancement  of  the  growth  conditions  for  resistant  species);  The  identification  of  resistant 
species  is  time  consuming,  expensive  and  requires  drainage  of  the  middle  ear.  The  fluorescence 
spectra  of  four  strains  of  bacteria,  commonly  found  in  otitis  media:  P.  aeruginosa,  S.  aureus,  B. 
calarrhalis  and  H.  influenzae  has  been  measured.  The  excitation  wavelength  has  been  varied  from 
280  to  500  nm  and  the  emission  spectra  measured.  The  fluorescence  spectra  are  presented  at  two 
dimensional  fluorescence  finger  prints.  These  fingerprints  will  ultimately  be  used  to  identify  the 
bacteria  remotely,  and  non  invasively  from  otitis  media. 

Future  Research  Support: 

(i)  An  Innovative  Technology  Research  Grant  to  the  National  Institutes  of  Health  is  being  prepared 
and  will  be  submitted  February  1,  1992. 

(ii)  The  Deafness  Research  Foundation  has  been  contacted.  A  proposal  will  be  submitted  before 
their  annual  due  date  in  June,  1992. 

(iii)  We  are  in  the  initial  stage  of  contacting  the  Whitaker  Foundation  for  support. 

2.  Measurement  of  the  membrane  dynamics  of  the  activated  purple  membrane. 

Collaborator:  J.  Cz<5gc 

Uniformed  Services  University  of  the 
Health  Sciences 
Bethesda,  Maryland 


The  Effect  of  Triton  X-100  on  Purple  Membrane  as  Measured  by  Changes  in  the  Dynamics.  J. 
Czegd  and  L  Reinisch,  Photochem  and  Photobiol  (submitted,  1992). 


Abstract 

We  have  observed  the  light  scattering  transients  arising  from  changes  in  the  curvature  of 
purple  membrane  fragments  upon  photoexcitation  at  pH  8.05  and  4. 1  with  and  without  treatment  of 
Triton  X-100.  The  low  ionic  strength  room  temperature  suspensions  are  excited  with  532  nm  light 
pulses  from  a  Nd:YAG  laser  (20  ns).  The  scatter  ng  of  320  nm  light  is  monitored  from  3  /<s  to  1  s  at 
scattering  angles  from  15°  to  60°.  We  simultaneously  measure  the  transient  transmission  changes  at 
320  nm.  The  transient  light  scattering  signals  change  significantly  with  the  addition  of  0.02%  Triton 
X-100  at  pH  8.05  and  0.006%  Triton  X-1000  at  pH  4.1.  At  these  concentrations  of  Triton  we 
observed  maximal  amplitudes  in  the  transient  changes  of  the  scattered  light  intensity.  At  higher 
concentrations,  the  Triton  solubilizes  the  protein  and  the  scattering  signals  are  completely  attenuated. 
The  transient  transmission  changes  become  severely  distorted  by  the  scattering  changes  in  the  Triton 
treated  samples.  We  can  explain  these  changes  using  our  bent  membrane  model  and  assuming  a 
greater  initial  curvature  and  an  increased  transient  curvature  change  in  the  membrane  fragments  after 
the  Triton  X-100  is  added.  The  amplitudes  of  the  scattering  changes  as  a  function  of  the  scattering 
angle  from  15°  to  60°  agree  with  model  calculations  of  the  scattering  amplitudes. 

Future  Research  Support: 

(i)  A  R01  grant  proposal  has  been  submitted  to  the  National  Institutes  of  Health,  1  November,  1991. 
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ABSTRACT 


Suture  repair  of  a  severed  peripheral  nerve  is  cumbersome, 
presents  a  focus  for  infection  and  neuroma  formation,  and  does  not 
always  produce  adequate  stump  alignment.  An  alternative  form  of 
repair  is  laser  nerve  welding  which  is  attractive  because  it  does  not 
introduce  foreign  material  into  the  anastomotic  site,  it  forms  a 
circumferential  seal,  and  it  can  be  performed  in  difficult  to  reach 
areas.  Laser  repair  has  not  been  widely  accepted  both  because  the 
effect  of  laser  irradiation  on  intact  nerves  is  not  well  documented, 
and  the  anastomotic  strength  of  the  weld  has  been  inferior  to  suture 
repair.  In  the  first  part  of  the  present  study,  rat  sciatic  nerves 
were  exposed  and  irradiated  with  increasing  intensities  from  a 
Sharplan  CO2  and  a  KTP  laser  to  document  nerve  damage  as  recorded 
by  decreases  in  the  peak  compound  action  potential  (CAP).  A  new 
technique  of  laser  repair  (S-Q  weld)  was  then  developed  which 
involved  harvesting  subcutaneous  tissue  from  the  adjacent  dermis, 
wrapping  it  around  the  two  opposed  nerve  stumps,  and  lasering  it  to 
the  epineurium  to  effect  a  weld.  The  strength  of  the  S-Q  weld  (6.1 
grams)  was  considerably  greater  than  that  produced  by  laser  welding 
alone.  The  third  phase  of  the  study  compared  regeneration  at  two 
months  in  severed  rat  sciatic  nerves  repaired  by  either  microsuture 
or  S-Q  weld.  Analysis  of  the  CAP  values  indicated  that  the  number 
of  regenerating  fibers  following  laser  repair  was  greater  than  that 
following  suture  repair,  although  a  significant  difference  could  not 


be  demonstrated.  The  rate  of  nerve  dehiscence  in  the  laser  repair 
was  unacceptably  high,  but  the  observed  advantages  of  the  technique 
indicate  a  need  for  further  investigation. 


INTRODUCTION: 


Microsuture  repair  is  the  most  commonly  used  method  for 
anastomosis  of  severed  peripheral  nerves.  However,  functional 
recovery  following  this  type  of  repair  is  often  inadequate  even 
though  the  peripheral  nervous  system  has  a  remarkable  ability  to 
regenerate  adequate  sizes  and  numbers  of  axons.  The  most 
significant  problems  with  microsuture  repair  are  inherent  in  the 
technique:  1)  Surgery  traumatizes  the  nerve  by  repeated  introduction 
of  a  needle.  2)  Suture  material  at  the  anastomotic  site  presents  a 
focus  for  scar  and  neuroma  formation  which  may  impede  the  growth 
of  regenerating  axons  from  the  proximal  segment  into  the  proper 
distal  segment  endoneurial  tubes  and,  ultimately,  the  neuromuscular 
junction.  3)  Microsurgical  repair  inevitably  leaves  small  gaps  which 
allow  entry  of  fibroblasts  and  other  scar  tissue  forming  cells, 
permit  regenerating  axons  to  escape  into  an  improper  extraneural 
space,  and  promote  loss  of  neurotrophic  hormones  that  may  be 
secreted  locally  to  aid  in  the  conduction  of  regenerating  axons  to 
their  proper  target.  4)  Microsurgery  is  time  consuming  and  may  be 
difficult  to  perform  in  restricted  areas  (e.g.  intraoral  repair  of 
lingual  and  mandibular  nerves),  particularly  when  supportive 
epineurial  material  is  scarce  (1). 

Laser  repair  of  severed  peripheral  nerves  has  been  investigated 
by  several  authors,  since  it  offers  a  significant  theoretical 
improvement  to  the  problem.,  noted  above.  The  mechanism  of  laser 
repair  involves  protein  denaturation  and  subsequent  fusion  of  the 
collagenous  portion  of  the  proximal  and  distal  segment  epineurium 


by  low  level  thermal  coagulation  (1).  Laser  application  has  been 
shown  to  cause  a  change  in  collagen  substructure  with 
interdigitation  of  altered  fibrils  (2).  This  mechanism  of  repair 
avoids  the  trauma  imposed  by  needles,  and  it  does  not  introduce 
foreign  material  into  the  anastomotic  site.  Furthermore,  the  seal 
formed  by  the  laser  repair  is  circumferential  and  therefore 
discourages  entry  of  fibroblasts  or  exit  of  regenerating  axons  and 
neurotrophic  hormones.  Lastly,  several  authors  have  noted  that 
laser  welding  takes  significantly  less  time  than  microsuture  repair, 
and  it  can  be  performed  in  difficult  to  reach  areas  (3,  4). 

The  advantages  of  laser  nerve  welding  indicate  that  it  has 
potential  for  clinical  application.  However,  there  are  two  major 
problems  that  prevent  the  widespread  acceptance  of  this  technique. 
First,  the  effect  of  laser  radiation  on  intact  nerves  has  not  been 
well  documented.  Second,  the  anastomotic  strength  of  the  laser 
weld  has  been  found  consistently  inferior  to  that  of  microsuture 
repair  for  at  least  the  first  four  days  following  surgery  (5).  The 
weak  initial  weld  has  caused  unacceptable  rates  of  dehiscence  and 
prompted  the  use  of  stay  sutures  in  many  of  the  animal  models 
(1,3, 4,6, 7). 

The  present  study  attempted  to  improve  upon  the  laser  weld 
technique  by  first  examining  the  effect  of  laser  radiation  on  the 
compound  action  potential  of  intact  rat  sciatic  nerves.  In  the  second 
phase  of  the  study,  a  new  technique  to  improve  anastomotic  strength 
was  developed  (S-Q  weld)  which  involved  harvesting  a  sheet  of 
subcutaneous  tissue  from  the  experimental  animal,  wrapping  it 
around  the  cut  nerve  ends,  and  lasering  it  to  the  epineurium.  The 


final  part  of  the  study  examined  the  long  term  effectiveness  of  the 
technique  as  compared  to  microsuture  repair  in  the  rat  sciatic  nerve 
model. 


MATERIALS  AND  METHODS: 

Study  1:  The  Effect  of  Laser  Irradiation  on  Intact  Nerve  Function: 

In  this  initial  study,  the  effect  of  KTP,  nd:YAG,  and  CO2  laser 
irradiation  on  the  compound  action  potential  (CAP)  of  intact  sciatic 
nerves  was  investigated.  All  animals  used  in  these  experiments 
were  cared  for  in  compliance  with  "The  Principles  of  Laboratory 
Animal  Care"  formulated  by  the  National  Society  for  Medical 
Research.  Twenty-one  Sprague  Dawley  rats  were  anesthetized  with 
an  intraperitoneal  injection  of  0.13  cc  sodium  pentobarbital  mixed 
with  0.87  cc  ketamine  (per  Kg).  The  sciatic  nerve  of  each  rat  was 
exposed  and  a  pair  of  differential  recording  electrodes  positioned 
just  proximal  to  the  nerve  trifurcation.  A  pair  of  stimulating 
electrodes  was  then  placed  3  centimeters  proximal  to  the  recording 
electrodes  and  the  nerve  suspended  in  air  to  improve  recording 
isolation.  Single  square-wave  pulses  were  applied  to  the  nerve 
using  a  Grass  S88  stimulator.  The  stimulus  intensity  was  increased 
until  a  CAP  of  maximum  peak  to  peak  amplitude  (P-P  CAP)  was 
recorded.  The  nerve  was  then  irradiated  midpoint  between  the 
electrodes  using  increasing  laser  intensities  as  listed  in  Table  I. 
CAP  recordings  were  obtained  following  the  laser  treatment  at  each 
intensity.  Each  treatment  involved  irradiation  with  30  pulses,  0.05 


seconds  in  duration  at  a  spot  size  of  0.36  mm.  A  Sharplan  1060 
CO2  laser  and  a  Laserscope  KTP  laser  were  used  in  these 
experiments.  The  effect  of  laser  irradiation  on  nerve  function  at 
each  wattage  was  then  determined  by  expressing  post-irradiation  P- 
P  CAP  values  as  a  percentage  of  pre-irradiation  P-P  CAP  value, 
indicating  the  percent  of  viable  fibers  still  remaining  in  the  nerve. 

Study  2:  Tensile  Strength  of  Repaired  Nerves 

a.  Surgical  Technique: 

Twenty-five  Sprauge  Dawley  rats  were  anesthetized  using  the 
mixture  as  described  previously.  Employing  sterile  technique,  the 
sciatic  nerves  were  exposed  bilaterally  and  transected  3 
centimeters  proximal  to  the  trifurcation  with  a  steel  scalpel.  On 
the  left  side,  the  nerve  stumps  were  realigned  and  repaired  using  2 
epineural  sutures  cf  10-0  nylon  placed  180  degrees  apart.  On  the 
right  side,  the  nerve  stumps  were  reanastomosed  using  the 
subcutaneous  tissue  weld  technique  (S-Q  weld).  A  small  piece  of 
translucent  subcutaneous  tissue  was  harvested  and  stretched  over  a 
1  cm2  piece  of  aluminum  foil.  The  foil  was  placed  under  the 
transected  nerve  ends.  The  nerve  ends  were  reapproximated  and  the 
S-Q  tissue  was  wrapped  around  the  nerve  and  spot  welded  to  the 
epineurium  using  a  Sharplan  1060  CO2  laser.  The  energy  paradigm  of 
1.00  Watt,  0.05  sec  single  pulses,  0.36  mm  spot  size  was  chosen, 
since  this  appeared  to  represent  the  nominal  power  level  for  bonding 
subcutaneous  tissue  to  nerve  epineurium.  Multiple  pulses  were 
applied  to  the  S-Q  sheath  a  few  millimeters  from  the  anastomotic 
site  around  a  circumference  of  180  degrees  to  allow  for  adequate 


stump  alignment  with  room  for  nerve  swelling.  (The  S-Q  sheath 
completely  encircled  the  anastomotic  site).  All  surgeries  were 
performed  by  the  same  surgeon  (M.K.)  until  the  sheath  appeared 
tightly  bound. 

In  ten  of  the  rats,  the  laser  and  suture  repaired  nerves  were 
harvested  immediately  for  tensile  strength  measurements.  In  the 
remaining  fifteen,  wounds  were  closed  and  the  animals  were  placed 
in  their  cages  with  no  restriction  of  movement  for  two  months. 

b.  Measurement  of  Tensile  Strength: 

Suture,  laser  repaired,  and  intact  nerves  were  evaluated  for 
tensile  strength.  Approximately  4  cm  of  sciatic  nerve  was  excised. 
4-0  silk  ligature  was  tied  from  one  end  of  each  nerve  to  a  calibrated 
force  transducer  (Grass  Instruments,  Quincy  Mass)  whose  output  was 
amplified  and  visualized  on  an  oscilloscope.  The  opposite  nerve  end 
was  attached  with  4-0  silk  ligature  to  a  platform  mounted  on  a 
variable  speed  infusion  pump  (Harvard  apparatus)  which  generated 
slow,  steady  tension.  Tension  was  applied  until  the  nerve  separated, 
and  breaking  force  was  recorded. 

Study  3:  Electrophysiological  and  Histological  Evaluation  of 
Regeneration  in  Repaired  Nerves. 

After  allowing  two  months  for  regeneration,  the  sciatic  nerves 
were  removed  from  15  rats  for  CAP  transmission  studies  and 
histological  examination.  Nerves  were  harvested,  placed  in  an 
isolation  chamber,  and  bathed  in  Ringer’s  solution.  Bipolar 
stimulating  electrodes  were  placed  proximal  and  recording 
electrodes  positioned  distal  to  the  anastomotic  site.  The  P-P  CAP 


from  the  laser  repaired  nerve  was  recorded  and  expressed  as  a 
percentage  of  the  P-P  CAP  of  the  suture  repaired  nerve  in  each  rat. 

All  recordings  were  taken  with  nerves  suspended  in  air.  Each  nerve 
was  then  fixed  in  4%  paraformaldehyde  buffered  by  .1  M  phosphate 
(pH  7.4),  post-fixed  in  osmium  tetroxide,  alcohol  dehydrated, 
imbedded  in  epon,  and  thin  sectioned  for  histological  and  E.M. 
analysis. 

Results: 

The  effects  of  laser  irradiation  on  compound  action  potential 
transmission  are  presented  in  Table  i.  The  nd:YAG  laser  was 
dropped  from  the  study  because  it  caused  significant  endoneurial 
damage  at  nominal  intensities,  as  evidenced  by  CAP  depression.  As 
can  be  seen  from  the  table,  both  the  CO2  and  the  KTP  lasers  produced 
almost  no  decrease  in  P-P  CAP  transmission  at  0.5  watts.  However, 
this  level  of  irradiation  did  not  provide  adequate  bonding  of 
subcutaneous  tissue  to  nerve  epineurium  during  S-Q  welding  in  the 
later  two  studies.  In  these  studies,  a  higher  power  of  1.0  watt  was 
used,  since  it  produced  adequate  bonding  with  minimal  anticipated 
increase  in  damage  to  endoneurial  axons  and  support  structures.  It 
was  estimated  that  considerably  less  than  40%  of  the  radiation 
penetrated  the  endoneurium  in  these  studies,  corresponding  to  60% 
remaining  axon  function  in  Table  1,  since  some  of  the  radiation  was 
absorbed  by  the  subcutaneous  tissue  wrap.  Intensities  as  high  as 
2.5  watts  were  often  sufficient  to  cut  a  nerve  in  half  as  indicated  in 
the  table.  In  such  instances,  the  P-P  CAP  value  was  recorded  as 


zero. 


The  results  of  the  tensile  strength  study  are  presented  in  Figure 
I.  Intact  nerves  (n=11)  showed  a  breaking  force  of  218.6  gms  ±-14.6. 
Suture  repaired  nerves  (n=10)  showed  a  breaking  force  of  47  gms  ±- 
10.8,  which  represented  21.5%  of  the  intact  nerve  strength.  The  S-Q 
Weld  technique  (n=10)  had  a  breaking  force  of  6.1  gms  4-  5.0,  which 
represented  2.8%  of  the  intact  nerve  strength. 

At  two  months  post  surgery,  6  of  15  rats  had  intact  laser 
anastomosis  while  14  of  15  had  intact  suture  anastomosis.  The  P-P 
CAP  value  from  each  laser  repaired  nerve  was  recorded  and 
expressed  as  a  percentage  of  the  P-P  CAP  of  the  suture  repaired 
nerve.  The  average  ratio  for  all  animals  measured  was  1.05  4:  o.18, 
indicating  that  the  number  of  regenerating  fibers  following  laser 
repair  was  greater  than  that  following  suture  repair,  although  a 
significant  difference  could  not  be  demonstrated.  Histological 
examination  of  nerve  segments  distal  to  the  laser  or  suture  repair 
sites  demonstrated  no  significant  differences  in  the  numbers  of 
axons  or  their  population  diameters  (Figure  II). 

Discussion: 

There  is  a  wide  range  of  reported  energy  paradigms  for  laser 
welding  of  severed  peripheral  nerves  in  animal  models.  Fischer  et. 
al.  used  the  CO2  laser  on  the  rat  sciatic  nerve  at  a  power  of  5  watts 
(0.6  mm  spot  size,  0.5  sec  pulses  (4),  while  Maragh  et.  al.  used  a 
power  of  90-95  mW  (0.2  mm  spot  size,  2  msec  pulses  (5).  Our 
initial  study  was  undertaken  to  determine  an  energy  paradigm  that 
would  create  a  strong  anastomosis  without  inflicting  excessive 
damage  upon  the  regenerative  elements  of  a  severed  peripheral 


nerve.  This  study  assumes  that  irradiation  which  reduces  the  CAP  of 
an  intact  nerve  would  also  damage  the  endoneurial  tubes  in  a 
traumatized  or  severed  nerve.  The  endoneurial  tubes  serve  as 
conduits  to  regenerating  nerve  fibers  and  are  necessary  in  the 
reestablishment  of  appropriate  target  connections.  A  power 
setting  of  1.0  watt  was  chosen,  since  this  wattage  could  produce 
adequate  welds  with  minimal  endoneurial  damage. 

Inadequate  tensile  strength  of  laser  anastomosis  has  been  a 
problem  in  most  of  the  experimental  trials  that  have  been  reported. 
Benke  et.  al.  reported  that  the  tensile  strength  of  rat  sciatic  nerves 
repaired  using  only  the  CO2  laser  was  less  than  ,  as  strong  as 
normal  nerves  immediately  following  the  repair.  Tney  concluded 
that  the  CO2  laser  weld  alone  does  not  provide  enough  tensile 
strength  to  be  practical,  and  they  employed  the  use  of  two  stay 
sutures  for  laser  anastomosis  (7).  Fischer  et.  al.  used  one  stay 
suture  for  repair  of  rat  sciatic  nerves  with  the  CO2  laser,  and  then 
removed  the  suture  after  laser  welding  unless  they  felt  removal 
would  compromise  the  repair.  They  observed  a  dehiscence  rate  of 
13%  (4  of  31  rats)  in  laser  repaired  nerves  60  days  postoperatively 
(4).  Maragh  et.  al.  used  no  stay  sutures  in  laser  repair  of  rat  sciatic 
nerves,  but  observed  a  12%  dehiscence  rate  (2  of  17  rats)  at  2 
months  postoperatively  (5). 

Other  researchers  have  used  the  rabbit  facial  nerve  model  (1),  the 
rabbit  peroneal  nerve  model  (6),  and  the  Rhesus  monkey  peroneal 
nerve  model  (3).  All  used  either  stay  sutures  for  support  of  laser 
welds  or  nerve  grafts  to  reduce  tension  at  the  anastomotic  site,  or 
they  observed  nerve  dehiscence  following  laser  repair.  These 


adaptions  to  increase  bonding  strength  compromise  nerve 
regeneration.  As  stated  earlier,  suture  material  presents  a  focus 
for  scar  and  neuroma  formation,  and  nerve  grafts  add  the  additional 
complication  of  two  anastomotic  sites. 

The  S-Q  weld  technique  employs  host  tissue,  which  is 
allographs,  biocompatible,  and  readily  available  to  provide  an 
instrument  for  sealing  and  binding  severed  nerve  stumps.  Using  this 
approach,  the  laser  energy  is  focused  on  the  subcutaneous  wrap  at 
sites  removed  from  the  actual  nerve  juncture  where  scaring  and 
neuroma  formation  should  be  avoided.  The  tensile  strength  of  the  S- 
Q  weld  immediately  following  repair  was  far  greater  than  the 
tensile  strength  without  the  subcutaneous  sheath.  Indeed,  nerves 
repaired  without  a  sheath  separated  before  measurements  could  be 
taken.  The  only  other  study  of  acute  tensile  strength  of  laser 
repaired  rat  sciatic  nerves  reported  a  breaking  strength  of  less  than 
10%  of  intact  nerves  (7).  The  strength  of  S-Q  welded  nerves  was 
also  inferior  to  the  tensile  strength  of  the  acute  suture  repair,  but 
the  improvement  over  CO2  laser  weld  alone  was  substantial  and 
would  encourage  further  refinement  of  this  procedure.  As  reported 
by  Maragh  et.  al.  in  the  rat  sciatic  nerve  model,  there  was  no 
significant  difference  in  tensile  strength  of  the  laser  repaired 
nerves  and  the  suture  repaired  nerves  at  8  days  postoperatively  (5). 
The  critical  period  is  clearly  the  first  week  before  host  connective 
tissue  elements  add  the  necessary  stability.  In  order  to  make  laser 
repair  an  attractive  alternative  to  suture  repair,  we  feel  that  the 
tensile  strength  of  the  laser  repaired  nerve  must  be  r  "oved 
further  without  the  use  of  stay  sutures  or  grafts,  which  may  impair 


the  healing  process. 

The  rate  of  dehiscence  for  laser  repair  at  two  months 
postoperatively  was  disappointing.  The  nerve  separation  may  have 
been  due  to  an  inordinate  amount  of  movement  of  the  rats  in  the 
cages.  However,  it  is  significant  to  note  that  when  the  anastomosis 
remained  intact,  the  quality  of  nerve  regeneration  may  have  been 
superior  to  that  following  suture  repair,  as  demonstrated  by  the  CAP 
transmission  studies. 

We  conclude  that  laser  nerve  repair  employing  the  S-Q  weld 
technique  has  several  theoretical  advantages  over  suture  repair.  The 
observed  improvement  in  initial  anastomotic  strength  over  laser 
repair  alone  warrants  the  need  for  further  investigation  with 
different  laser  energies  and  other  improvements  in  technique. 
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FIGURE  LEGENDS: 


Figure  I:  Breaking  force  of  normal,  suture,  and  laser  repaired  nerves 
immediately  following  repair. 

Table  I:  Percent  function  of  nerves  following  laser  irradiation  is 
expressed  as  the  ratio  between  post  laser  P-P  CAP  and  pre  laser  P-P 
CAP.  Increasing  wattages  were  applied  to  the  same  nerve  after  a 
one  minute  interval. 

Figure  II:  Brightfield  micrographs  of  cross  sections  taken  from  the 
distal  segment  of  an  S-Q  weld  repaired  nerve  (A)  and  a  suture 
repaired  nerve  (B). .  There  was  no  significant  difference  in  the 
number  of  axons  in  the  two  preparations. 


ing  Force  (gms) 


300 


TABLE  1 :  THE  EFFECTS  OF  LASER  IRRADIATION  ON  NERVE  FUNCTION 


KIEL 

0.5  WATTS 

1 .0  WATTS 

1.6  WATTS 

2.5  WATTS 

#  Trials 

8 

1  0 

1  0 

8 

%  Function 

0.91 

0.62 

0.45 

0.31 

St.  Dev. 

0.08 

0.26 

0.20 

0.26 

COg: 

0.5  WATTS 

1 .0  WATTS 

1.6  WATTS 

2.5  WATTS 

#  Trials 

1  3 

1  3 

13 

1  0 

%  Function 

0.91 

0.59 

0.57 

0.09 

St.  Dev. 

0.16 

0.19 

0.24 

0.20 

52-0. 
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Abstract: 


We  have  observed  the  light  scattering  transients  arising  from  changes  in  the 
curvature  of  purple  membrane  fragments  upon  photoexcitation  at  pH  8.05  and 
4.1  with  and  without  treatment  of  Triton  X-100.  The  low  ionic  strength  room 
temperature  suspensions  are  excited  with  532  nm  light  pulses  from  a  Nd:  YAG  laser 
(20  ns).  The  scattering  of  320  nm  light  is  monitored  from  3  fis  to  1  s  at  scattering 
angles  from  15°  to  60°.  We  simultaneously  measure  the  transient  transmission 
changes  at  320  nm.  The  transient  light  scattering  signals  change  significantly  with 
the  addition  of  0.02%  Triton  X-100  at  pH  8.05  and  0.006%  Triton  X-100  at  pH 
4.1.  At  these  concentrations  of  Triton  we  observe  maximal  amplitudes  in  the 
transient  changes  of  the  scattered  light  intensity.  At  higher  concentrations,  the 
Triton  solubilizes  the  protein  and  the  scattering  signals  are  completely  attenuated. 
The  transient  transmission  changes  become  severely  distorted  by  the  scattering 
changes  in  the  Triton  treated  samples.  We  can  explain  these  changes  using  our 
bent  membrane  model  and  assuming  a  greater  initial  curvature  and  an  increased 
transient  curvature  change  in  the  membrane  fragments  after  the  Triton  X-100  is 
added.  The  amplitudes  of  the  scattering  changes  as  a  function  of  the  scattering 
angle  from  15°  to  60°  agree  with  model  calculations  of  the  scattering  amplitudes. 


I.  Introduction 

Bacteriorhodopsin  (bR)  is  the  well  studied  photo-activated  proton  pump  found 
in  the  purple  membrane  (pm)  patches  of  the  bacteria  Halobacterium  halobium 
(Stoeckenius  and  Rowen,  1967;  Oesterhelt  and  Stoeckenius,  1971;  Stoeckenius  et 
ai,  1979).  After  the  absorption  of  a  photon,  the  protein  progresses  through  a 


2 


sequence  of  intermediate  states  during  a  photocycle.  These  states  are  evidenced 
by  changes  in  the  optical  absorption  spectrum  (Stoeckenius  and  Lozier,  1974). 
There  have  been  attempts  to  link  these  absorption  changes  with  significant  rear¬ 
rangements  of  the  protein  conformation.  Many  studies,  on  the  contrary,  measure 
little  or  no  significant  movement  of  the  retinal  chromophore  during  the  photocycle 
(Razi  Naqvi,  et  al.,  1973;  Cherry,  et  al.,  1977a;  Cherry,  et  al.,  1977b;  Sherman 
and  Caplan,  1977;  Korenstein  and  Hess,  1978).  Also,  investigations  of  the  pro¬ 
tein  side  chains  show  no  evidence  for  motion  during  the  photocycle  (Czege,  et 
al.,  1982).  Time  resolved  x-ray  diffraction  also  shows  only  a  small  amount  of  bR 
structure  change  1  ms  after  illumination  (Frankel  and  Forsyth,  1985).  A  one  to 
two  degree  tilt  of  the  3  or  4  transmembrane  alpha  helixes  during  the  photocycle 
has  been  measured  with  neutron  diffraction  (Dencher,  et  al.,  1989).  Some  motion 
is  probably  involved  in  the  photocycle  since  it  can  be  influenced  by  the  viscosity 
of  the  surrounding  medium  (Beece,  et  al.,  1981).  When  the  membrane  fragments 
are  suspended  in  the  higher  viscosity  medium  of  glycerol/water,  the  photocycle  is 
slowed.  The  motion  of  the  proton  moving  across  the  membrane  during  the  photo¬ 
cycle  strongly  suggests  some  protein  motion.  The  proton  motion  has  been  directly 
measured  by  the  protein  electric  response  signal  (PERS)  method  (Keszthelyi  and 
Ormos,  1980;  Keszthelyi,  1984). 

The  bR  is  found  as  trimers  in  the  pm  patches  (Oesterhelt  and  Stoeckenius, 
1973;  Henderson  and  Unwin,  1975;  Stoeckenius  et  al..,  1979).  The  trimers  are 
regularly  arranged  in  a  two  dimensional  crystal  lattice  (Blaurock  and  Stoeckenius, 
1971).  The  protein  accounts  for  about  77%  of  the  membrane  by  dry  weight  (Kush- 
waha,  et  al.,  1975;  Stoeckenius  and  Bogomolni,  1982;  Lozier  and  Parodi,  1984). 
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This  translates  to  roughly  10  lipid  molecules  per  bR  molecule. 

The  chromophore  of  the  protein  is  a  retinal  attached  to  the  lysine  216  residue 
of  the  protein  with  a  protonated  Schiff  base  (Heyn,  et  al..,  1988).  The  angle  of  the 
visible  absorbance  dipole  of  the  chromophore  has  been  determined  to  be  about  70° 
with  respect  to  the  membrane  normal  (Heyn,  et  al.,  1977;  Lin  and  Mathies,  1989). 
In  the  light  adapted  state,  bR  has  a  broad  absorption  band  centered  at  568  nm  (e 
=  63,000  cm-1M-1)  (Becher,  et  al.,  1978). 

The  pm  fragments  are  thin  sheets.  Measurements  have  determined  that  they 
are  slightly  less  than  or  approximately  0.6  /im  in  diameter  (Barabas  et  al,  1983; 
Arrio  et  al.,  1986)  and  approximately  4  to  5  nm  thick  (Blaurock,  1975;  Tristram- 
Nagle  et  al.,  1986).  Our  recent  work  has  shown  that  the  membrane  fragments 
change  their  curvature,  or  “flap”  during  the  photocycle  (Czege,  1987a, b;  19S8; 
Czege  and  Reinisch,  1990;  1991a-c).  The  surface  of  the  pm  fragment  is  asymmetri¬ 
cally  charged  (Keszthelyi,  1980;  Renthal  and  Chung,  1984;  Ehrenberg  and  Berezin, 
1984).  Since  the  most  energetically  favorable  configuration  for  a  flexible  membrane 
with  an  asymmetric  charge  distribution  is  curved,  it  is  reasonable  to  assume  that 
the  pm  fragment  is  curved.  The  charge  asymmetry  is  pH  dependent  and  changes 
sign  near  pH  5  (Barabas  et  al.,  1983).  From  the  change  in  sign  of  the  asymmetric 
charge  distribution  it  follows  that  the  initial  curvature  is  reversed  near  pH  5. 

We  observe  transient  changes  in  the  scattering  cross  section  at  320  nm  of  the 
pm  fragments  during  the  photocycle.  We  use  320  nm  because  of  the  large  scattering 
cross  section  for  this  wavelength.  The  320  nm  light  does  not  photodestroy  the  bR. 
Also,  the  absorption  and  the  transient  absorption  changes  are  minimal  at  320  nm. 
We  interpret  these  scattering  changes  to  be  due  to  changes  in  the  curvature  of  the 
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membrane  fragment. 


Here,  we  investigate  the  transient  scattering  changes  from  suspensions  of  pm 
before  and  after  treatment  with  Triton  X-100.  We  use  small  concentrations  of 
Triton,  which  do  not  solubilize  the  bR. 

The  detergent  is  expected  to  interact  with  hydrophobic  parts  of  the  protein 
structure.  This  should  change  the  physical  characteristics  of  the  membrane  sheet. 
Since  the  light  scattering  kinetics  are  sensitive  to  the  changes  in  curvature,  we 
expect  to  see  significant  changes. 

Materials  and  Methods 

Purple  membrane  fragments  are  isolated  from  the  strain  S9  of  Halobacterium 
halobium  according  to  the  procedure  of  Oesterhelt  and  Stoeckenius,  1974.  The 
samples  are  graciously  provided  by  Dr.  J.K.  Lanyi  and  Dr.  Gyorgy  Varo.  The 
samples  are  suspended  in  10  mM  sodium  acetate  buffer  for  the  pH  4.1  and  in  10 
mM  potassium  dihydrogen  phosphate  at  pH  8.05.  The  samples  are  stable  and 
show  no  signs  of  aggregation  with  the  low  salt  ion  concentration.  No  settling  of 
the  pm  fragments  is  observed  during  the  course  of  the  experiments.  The  Triton 
X-100  (Rohm  and  Haas,  Philadelphia,  PA)  is  used  as  is.  The  percentages  of  Triton 
are  measured  as  a  volume  to  volume  ratio. 

The  measuring  system  is  described  in  detail  in  previous  publications  (Czege  and 
Reinisch,  1990,  1991a-c).  The  scattering  is  measured  as  function  of  the  scattering 
angle  from  15°  to  60°  in  5°  increments.  The  transmission  changes  along  the  optical 
axis  are  measured  simultaneously  for  the  same  wavelength  range.  The  transient 
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scattering  signals  are  normalized  with  the  transient  transmission  signals.  We  make 
the  normalization  to  correct  for  any  changes  in  the  exciting  laser  intensity  when 
the  polarization  is  changed.  Typically,  the  correction  is  less  than  10%. 

In  the  centrifugation  experiments,  we  used  a  Microfuge  II  (Beckman  Instru¬ 
ments,  Inc.,  Fullerton,  CA)  table  top  centrifuge  at  the  highest  speed. 

The  transient  scattering  signals  are  slightly  distorted  by  the  transient  changes 
in  the  transmission  of  the  sample  at  320  nm.  We  have  previously  corrected  this 
distortion  by  making  measurements  as  a  function  of  the  bR  concentration  (Czege 
and  Reinisch,  1990).  We  have  also  used  a  first  order  approximation  to  correct  the 
scattering  signals  (Czege  and  Reinisch,  1991b, c).  This  first  order  approximation  is 
not  necessarily  valid  in  the  measurements  made  here.  So,  we  correct  the  scattering 
signals  by  subtracting  70%  of  the  measured  transmission  change.  The  70%  is 
estimated  from  measurements  on  aggregated  and  gel  samples. 

The  measured  scattering  transients  are  described  with  25  exponential  curves, 
equally  spaced  on  the  log(time)  axis  (Czege  and  Reinisch,  1991c).  The  choice  of 
exponentials  is  justified  by  the  exponential  nature  of  the  steps  in  the  bR  photocycle. 
This  mathematical  description  causes  some  smoothing  of  the  data  and  allows  us  to 
make  the  surface  plots  using  Mathematica  (Wolfram  Research,  Champaign,  IL). 
The  curves  are  then  normalized  and  corrected  for  transient  absorption  changes 
distorting  the  transient  scattering  changes.  The  scattering  at  each  time  point  as  a 
function  of  the  scattering  angle  is  described  with  a  fourth  order  polynomial.  Again, 
this  allows  us  to  interpolate  and  make  the  appropriate  contour  surface  plots  with 
Mathematica. 
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III.  Results 


We  show  contour  curves  of  the  intensity  of  scattered  light  as  a  function  of 
time  on  a  logarithmic  axis  from  fis  to  s  and  scattering  angle  from  15°  to  60°  at 
pH  4.1.  At  the  top  left  of  Fig.  1  the  pm  suspension  is  excited  with  vertically 
polarized  light  (polarized  perpendicularly  to  the  scattering  plane)  at  532  nm.  This 
plot  is  marked  with  a  “vertical”  double  arrow.  Right  at  the  top  of  Fig.  1  the 
pm  suspension  is  excited  with  horizontally  polarized  light  (polarized  parallel  to 
the  scattering  plane).  This  plot  is  marked  with  a  “horizontal”  double  arrow.  The 
scattering  shown  in  these  two  plots  can  be  compared  to  earlier  publications  where 
the  scattering  angle  was  fixed  at  30°  (Czege  and  Reinisch,  1990;  1991a-c).  With  the 
horizontal  excitation,  a  fast  initial  decrease  in  the  scattering  amplitude  is  observed, 
followed  by  a  slower  increase  in  the  scattering  amplitude.  The  sign  of  the  scattering 
transients  reverses  for  vertical  excitation. 

In  the  bottom  half  of  Fig.  1  we  show  similar  contour  curves  of  the  scattering 
transient  amplitudes  from  pm  suspension  at  pH  4.1  treated  with  0.006%  Triton 
X-100.  Note  that  the  amplitude  of  the  scattering  transients  as  function  of  the 
scattering  angle  has  much  more  structure  after  the  addition  of  Triton. 

In  the  top  half  of  Fig.  2  we  show  contour  curves  of  the  scattering  transient 
amplitudes  from  pm  suspensions  at  pH  8.05.  We  show  both  vertically  and  hori¬ 
zontally  polarized  excitation  light  as  a  function  of  the  log(time)  and  the  scattering 
angle  from  15°  to  60°.  Again,  the  scattering  at  30°  agrees  with  the  transients 
reported  in  earlier  publications  (Czege  and  Reinisch,  1991  b,c).  In  the  bottom  half 
of  Fig.  2  we  show  the  contour  curves  of  the  scattering  transient  amplitudes  from 
the  same  pm  suspensions  treated  with  0.02%  Triton. 
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We  centrifuge  the  pH  8  pm  suspension  for  5  minutes.  Then  we  mix  the  precip¬ 
itated  membranes  with  the  same  supernatant  and  the  large  scattering  transients 
are  attenuated.  This  procedure  can  be  repeated  on  the  suspension  and  additional 
attenuation  is  observed.  In  Fig.  3  there  are  shown  the  transient  scattering  and 
transmissions  changes  before  and  after  a  series  of  5  centrifugations.  The  Triton 
treatment  and  the  centrifugation  procedure  stop  the  transient  changes  in  the  mem¬ 
brane  curvature.  However,  the  transient  absorption  changes  remain.  We  did  not 
fully  investigate,  at  this  point,  how  the  centrifugation  stops  the  curvature  changes. 
It  is  shown  in  Fig.  3  that  not  only  are  the  scattering  kinetics  attenuated  with  cen¬ 
trifugation,  but  the  apparent  transmission  kinetics  have  also  changed.  In  Fig.  3 
we  also  compare  the  normalized  differences  for  both  the  scattering  and  absorption 
transients  before  and  after  the  centrifugation  series.  We  find  that  they  are  the 
same,  within  the  experimental  errors.  The  noise  in  the  data  increases  at  shorter 
times  due  to  the  nature  of  the  logarithmic  averaging. 

IV.  Discussion 

After  the  Triton  treatment,  there  are  significant  changes  in  the  pattern  of  the 
scattering  kinetics.  One  is  that  “vertical”  and  “horizontal”  (vertically  and  hori¬ 
zontally  polarized  exciting  light)  scattering  kinetics  are  no  longer  opposite  relative 
to  the  transmission  transients.  They  have  significantly  increased  amplitudes  (es¬ 
pecially  at  pH  8.05),  and  they  are  unidirectional  with  respect  to  the  excitation 
polarization  over  a  range  of  the  scattering  angle.  The  other  main  difference  is  the 
oscillation  of  the  scattering  components  as  a  function  of  the  scattering  angle.  The 
changes  in  the  scattering  cross  section  of  the  pm  fragments  during  the  photocycle 
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of  the  bR  can  be  explained  by  transient  changes  in  the  curvature  of  the  mem¬ 
brane  fragments  (Czege  1987a, b,  1988;  Czege  and  Reinisch  1990,  1991b, c).  Using 
this  theory  of  curvature  changes,  the  angular  dependence  of  the  scattering  kinetics 
of  the  Triton  treated  samples  can  be  understood.  We  recall  that,  in  a  monodis- 
perse  sample  (theoretically)  an  oscillation  can  be  observed  in  the  amplitude  of  the 
scattering  transients  as  a  function  of  the  scattering  angle  (Czege  1987b).  The  os¬ 
cillations  arise  from  the  interference  nature  of  the  scattering.  The  “frequency”  of 
the  oscillations  depend  upon  the  particle  size. 

For  a  constant  radius  of  curvature,  the  bending  angle  of  the  pm  depends  upon 
the  fragment  size.  The  larger  fragments  have  a  greater  bending,  because  the  appar¬ 
ent  diameter  is  nonlinear  with  the  bending.  It  follows  that  the  pm  fragments  will 
have  a  more  uniform  apparent  diameter  when  the  initial  curvature  increases.  We 
therefore  make  the  plausible  assumption  that  the  observed  changes  in  the  scatter¬ 
ing  after  the  Triton  treatment  are  the  result  of  an  increased  initial  (and  transient) 
bending  of  the  Triton  weakened  membrane  fragments.  The  idea  of  the  increased 
initial  bending  is  also  in  accordance  with  the  scattering  transient  being  independent 
of  the  polarization  of  the  exciting  light  in  the  Triton  treated  pm. 

Simply  note,  that  the  different  signs  of  the  scattering  transients  in  the  untreated 
samples  are  from  the  photoselection  of  the  polarized  exciting  flash  and  that,  with 
the  increased  bending  of  the  membranes,  the  photoselection  greatly  decreases. 

To  support  theoretically  the  increased  bending  idea,  in  Fig. 4,  we  show  the 
calculated  amplitudes  of  the  scattered  light  as  a  function  of  the  scattering  angle 
for  both  polarizations  of  the  exciting  light.  We  first  consider  the  pH  8.05  results. 
The  triangular  points  show  the  calculated  angular  dependence  of  the  maximum 
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scattering  amplitude  for  a  small  initial  curvature.  The  square  points  show  the 
calculated  angular  dependence  of  the  maximum  scattering  amplitude  for  a  large 
initial  curvature  of  the  pm  fragments.  The  dashed  line  connects  the  points  for  a 
simulated  vertically  polarized  excitation  and  the  solid  line  connects  the  points  for 
a  simulated  horizontally  polarized  excitation.  The  calculations  take  into  account 
a  log  normal  distribution  of  membrane  fragment  sizes  with  an  average  diameter  of 
0.6  /im  and  a  random  orientation.  The  initial  curvature  is  given  as  100°/^m  for 
the  triangular  points  and  230o//tm  for  the  square  points. 

The  slowest  process  at  pH  8.05  has  been  shown  to  be  a  decrease  in  the  curva¬ 
ture  of  the  membrane  (Czege  and  Reinisch,  1991b, c).  We  therefore  calculated  the 
scattering  transients  for  a  reduction  of  80°/pm/excitation  factor.*  The  amount  of 
curvature  change  depends,  of  course,  on  the  fraction  of  bR  molecules  excited  in  a 
membrane  fragment.  Because  of  the  polarized  exciting  light  and  the  photoselection, 
the  excitation  factor  is  typically  less  than  0.4. 

The  triangular  points  do,  indeed,  follow  the  trends  of  the  slowest  scattering 
process  as  shown  in  the  top  half  of  Fig.  2.  The  horizontally  polarized  excitation 
leads  to  a  decrease  in  scattering  for  the  slowest  process.  This  decrease  in  scattering 
is  small  for  the  small  scattering  angles  and  remains  negative  across  the  entire  range. 
The  vertically  polarized  excitation  shows  a  slow  process  with  a  modest,  negative 
scattering  amplitude  for  the  smallest  scattering  angle.  At  larger  scattering  angles, 
the  scattering  amplitude  becomes  positive  and  increases  in  size.  The  calculated 

*  The  excitation  factor  takes  into  account  the  fraction  of  chromophores  properly  oriented  to 
absorb  an  excitation  photon.  This  is  not  an  absolute  number.  However,  the  product  of  the 
curvature  change,  the  size  the  excitation  factor  is  an  absolute  factor.  In  this  case,  if  the 
excitation  factor  is  0.4  for  a  0.6  jim  membrane  fragment,  then  the  curvature  reduces  19.2°. 


10 


amplitudes  vary  slightly  from  the  measured  amplitudes.  This  is  expected.  We  used 
simple  square  membrane  sheets  with  a  uniform  cylindrical  radius  of  curvature.  The 
actual  situation  is  probably  much  more  complicated.  The  close  agreement  with 
the  sign  of  the  scattering  process  and  the  trends  in  the  size  of  the  scattering  is 
remarkably  close. 

The  squares  were  calculated  with  an  increase  of  curvature  of  80°//^m/excitation 
factor.  The  change  from  a  decrease  to  an  increase  of  curvature  for  the  transient 
process  was  needed  to  achieve  an  agreement  between  the  sign  of  the  measured  and 
calculated  scattering  amplitudes.  The  squares  agree  with  slowest  process  measured 
in  the  Triton  treated  samples  at  pH  8.05.  From  the  bottom  half  of  Fig.  2,  it  is 
clear  that  the  slowest  process  is  positive  for  small  and  large  scattering  angles,  and 
negative  for  the  30-40°  scattering  angle  range.  Also,  the  vertically  polarized  ex¬ 
citation  gives  a  larger  negative  scattering  amplitude  in  this  mid  range.  However, 
the  calculated  scattering  amplitudes  are  smaller  than  the  measured  scattering  am¬ 
plitudes. 

If  we  increase  the  transient  increase  of  curvature  to  150°//zm/excitation  fac¬ 
tor  (and  keep  the  230° //zm  initial  curvature),  we  calculate  scattering  amplitudes 
that  are  shown  as  circles  on  Fig.  4.  The  amplitudes  of  the  scattering  kinetics 
are  increase,  but  the  angular  dependence  remains.  The  agreement  between  the 
calculations  and  the  measurements  is  impressive. 

A  similar  analysis  of  the  pH  4.1  is  possible.  One  needs  to  start  with  an  increase 
in  curvature  for  the  sample  without  the  Triton  treatment.  The  calculated  scattering 
amplitudes  are  then  very  nearly  the  negative  of  the  triangles  shown  on  Fig.  4. 
After  the  Triton  treatment  the  curvature  still  increased,  but  it  is  hard  to  say  if  the 
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amount  of  transient  increase  changes. 

We  do  not  have  an  explanation  why  the  Triton  changes  the  direction  of  bending 
for  the  pH  8.05  sample.  We  can  assume  that  only  process  B  in  enhanced  by  the 
Triton  treatment.  The  altered  membranes  may  not  have  the  posibility  to  complete 
process  C  (Czege  and  Reinisch,  199 lb, c).  We  do  note  that  the  bending  processes 
also  change  in  time  after  Triton  is  added.  The  analysis  is  complicated  because  the 
Triton  not  only  changes  the  physical  mechanics  of  the  membrane,  but  also  affects 
the  release  of  non  proton  ions  (see  below). 

As  for  the  Triton  concentrations,  at  both  pH’s  we  use  the  concentrations  at 
which  the  scattering  changes  are  maximal.  At  these  concentrations  the  protein  is 
still  not  solubilized  (cf.  centrifugation  experiment  above).  The  difference  of  the 
necessary  concentrations  for  pH  4.1  and  8.05  indicates  that  the  properties  of  the 
membrane  changes  significantly  with  the  pH.  If  we  follow  the  effect  of  adding  more 
Triton  at  pH  8.05  we  find  that  the  scattering  changes  soon  disappear  together  with 
the  initial  scattering  intensity.  Yet,  several  hours  later,  the  initial  scattering  of  the 
solubilized  sample  is  restored.  However,  the  suspension  still  does  not  show  any 
transient  scattering  changes  during  the  photocycle. 

It  is  interesting  to  note  that  at  pH  8.05  the  0.02%  is  the  same  Triton  con¬ 
centration  where  enhanced  nonproton  ion  movements  can  be  observed  during  the 
photocycle  (Marinetti  and  Mauzerall,  1986).  We  do  not  have  the  possibility  to 
measure  the  transient  conductivity  of  our  samples.  However,  measuring  the  tran¬ 
sient  conductivity  together  with  the  centrifugation  experiment  could  teach  us  a  lot 
about  the  connection  of  the  transient  membrane  bending  and  the  nonproton  ion 
release. 
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The  distortion  of  the  transient  absorption  (transmission)  changes  as  shown 
in  Fig.  3  (compare  before  and  after  centrifugations)  more  than  likely  is  due  to 
the  effect  of  the  scattering  changes.  Because  of  the  decreased  photoselection,  the 
integrated  scattering  changes  become  greatly  enhanced  which  results  in  a  severely 
distorted  transient  transmittance  of  the  sample.  Even  without  Triton,  the  transient 
scattering  changes  may  significantly  distort  the  transient  absorption  changes.  This 
is  obviously  an  effect  that  must  be  considered  in  a  careful  analysis  of  the  absorbance 
kinetics. 

The  membrane  bending  is  significant  in  the  study  of  bR.  Measurement  of  the 
bending  before  and  after  treatment  with  Triton  X-100  shows  significant  changes  in 
the  angular  dependence  of  the  scattering  transients.  Calculations  using  our  model 
of  a  bent  membrane  fragment  changing  curvature  during  the  photocycle  describe 
the  changes  well.  They  suggest  that  Triton  weakens  the  membrane,  leading  to  an 
increase  in  the  initial  bending  angle  and  an  increase  in  the  amount  of  transient 
bending  also  supports  our  model.  We  have  shown  in  earlier  papers  that  two  of  the 
fundamental  bending  processes  have  been  associated  with  the  protein  conforma¬ 
tional  changes  during  the  proton  pumping  process  (Czege  and  Reinisch,  1990).  A 
third  fundamental  bending  processes  has  been  circumstantially  linked  to  a  change 
of  the  ion  concentrations  near  the  membrane  (Czege  and  Reinisch,  1991c).  Also, 
the  transient  scattering  amplitude  is  very  sensitive  to  low  levels  of  photodestruction 
(Czege  and  Reinisch,  1991a).  Thus,  the  transient  scattering  is  sensitive  to  critical 
aspects  of  bR,  where  the  absorbance  measurements  do  not  show  such  sensitiv¬ 
ity.  In  addition,  changes  in  the  scattering  cross  section  can  and  will  influence  the 
changes  in  absorption  of  the  pm  observed  during  the  photocycle.  Understanding 
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the  changes  in  the  scattering  is  important  in  the  understanding  of  the  mechanism 
of  the  proton  pump. 
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Figure  Captions 


Figure  1:  Contour  plots  of  the  scattering  of  light  at  320  nm  from  suspensions 
of  pm  during  the  photocycle.  The  suspensions  are  approximately  5  pM  bR  and 
at  pH  4.1.  The  exciting  light  is  at  532  nm  (20  ns  laser  flash).  The  horizontal 
axis  is  the  logarithmic  time  during  the  photocycle  from  ps  to  s.  The  vertical 
axis  is  the  scattering  angle,  linear  from  15°  to  60°.  Each  contour  line  is  a  0.3% 
change  in  the  intensity  of  the  scattered  light.  The  shading  shows  the  sign  of 
the  scattering  transients.  Lightly  shaded  regions  have  positive  changes  (increases) 
in  scattering  and  dark  regions  have  negative  changes  (decreases)  in  scattering. 
The  shading  near  1  s  represents  a  zero  percent  change  in  scattering.  The  data 
was  described  with  25  exponential  curves,  and  the  absorption  changes  have  been 
subtracted  from  the  data  shown  as  explained  in  the  text.  The  top  half  of  the  figure 
is  from  pm  not  treated  with  Triton.  The  vertical  double  arrow  designates  the 
data  from  vertically  polarized  excitation.  The  horizontal  double  arrow  designates 
the  data  from  horizontally  polarized  excitation.  The  bottom  half  of  the  figure  is 
from  pm  treated  with  0.006%  Triton  X-100.  In  the  bottom  half  of  the  figure  each 
contour  line  is  a  0.1%  change  in  the  intensity  of  the  scattered  light. 

Figure  2:  The  same  as  Fig.  1,  except  the  sample  is  at  pH  8.05.  In  the  top 
half  of  the  figure,  without  the  Triton  treatment,  each  contour  line  is  a  0.1%  change 
in  the  intensity  of  the  scattered  light.  In  the  bottom  half  of  the  figure,  the  Triton 
treatment  is  0.02%,  and  each  contour  line  is  a  0.3%  change  in  the  intensity  of  the 
scattered  light. 

Figure  3:  The  scattering  change.  The  percent  change  in  scattering  near 
320  nm  from  a  suspension  of  pm,  pH  8.05,  treated  with  0.02  %  Triton  on  a  loga- 
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rithmic  time  scale.  The  5  fxm  suspension  of  bR  is  excited  with  20  ns  pulse  at  532 
nm.  The  dashed  line  is  from  the  Triton  treated  sample.  The  solid  line  is  from  the 
same  sample  centrifuged  five  times  and  resuspended,  as  explained  in  the  text.  The 
scattering  angle  is  20°. 

The  transmission  change.  The  percent  changes  in  transmission  near  320 
nm  from  the  same  bR  suspension.  These  data  were  measured  simultaneously  with 
the  scattering  changes.  Again,  the  dashed  line  is  from  the  Triton  treated  sample. 
The  solid  line  is  after  the  same  sample  was  centrifuged  and  resuspended  five  times. 

The  normalized  differences.  The  normalized  differences  in  the  scattering 
and  transmission  transients  before  and  after  the  centrifugation.  The  dashed  line 
is  the  difference  in  the  scattering  transients.  The  solid  line  is  the  difference  in  the 
transmission  transients. 

Figure  4:  The  calculated  amplitudes  for  the  scattering  transients  at  320  as 
a  function  of  the  scattering  angle.  The  details  of  the  calculation  are  given  in 
the  text.  The  triangular  points  are  from  a  100°//im  initial  curvature  and  a  de¬ 
crease  in  curvature  of  80°/^m/excitation  factor.  The  square  points  are  from  a 
230°//xm  initial  curvature  and  an  increase  in  curvature  of  80°//im/excitation  fac¬ 
tor.  The  circles  are  from  a  230°//im  initial  curvature  and  an  increase  in  curvature 
of  150°//zm/excitation  factor. 
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Abstract 

The  management  of  otitis  media  in  children  continues  to  be  hampered  by  two  fundamental 
problems:  The  prevalence  of  bactericidal  resistant  species  is  increasing  (frequent  misdiagnosis  lead 
only  to  enhancement  of  the  growth  conditions  for  resistant  species);  The  identification  of  resistant 
species  is  time  consuming,  expensive  and  requires  drainage  of  the  middle  ear.  The  fluorescence 
spectra  of  four  strains  of  bacteria,  commonly  found  in  otitis  media:  P.  aeruginosa,  S.  aureus,  B. 
catarrhalis  and  H.  influenzae  has  been  measured.  The  excitation  wavelength  has  been  varied  from 
280  to  500  nm  and  the  emission  spectra  measured.  The  fluorescence  spectra  are  presented  at  two 
dimensional  fluorescence  finger  prints.  These  fingerprints  will  ultimately  be  used  to  identify  the 
bacteria  remotely,  and  non  invasively  from  otitis  media. 
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INTRODUCTION 

Laser  light  is  the  brightest  monochromatic  (single  color)  light  existing  today. 

Besides  being  a  standard  tool  of  the  research  lab,  the  laser  is  currently  used  in 
communications,  surveying,  manufacturing,  diagnostic  medicine  and  surgery.  Supermarket 
bar  code  scanners  and  the  compact  disk  player  have  even  moved  lasers  into  everyday  life. 
The  addition  of  lasers  and  the  development  of  new  lasers  to  the  surgical  armamentarium  in 
otolaryngology— head  and  neck  surgery  offers  new  and  exciting  possibilities  to  improve 
conventional  techniques  and  to  expand  the  scope  of  this  specialty. 

The  purpose  of  this  chapter  is  to  review  the  principles,  applications,  and  safety 
considerations  associated  with  the  use  of  lasers  in  the  upper  aerodigestive  tract  It  is  hoped 
that  the  material  presented  here  will  provide  a  foundation  upon  which  the  otolaryngologist- 
head  and  neck  surgeon  can  '  :•  a  to  apply  this  exciting  technology  in  his  daily  practice. 

LASER  BIOPHYSICS 

Laser  is  an  acronym  for  fight  amplification  by  the  stimulated  emission  of  radiation. 
Albert  Einstein  postulated  the  theoretical  foundation  of  laser  action,  stimulated  emission  of 
radiation,  in  1917.  In  his  now  classic  publication,  "Zur  Quantum  Theorie  der  Stralilung" 
("The  Quantum  Theory  of  Radiation")  he  discussed  the  interaction  of  atoms,  ions,  and 
molecules  with  electromagnetic  radiation  (Einstein,  1917).  He  specifically  addressed 
absorption  and  spontaneous  emission  of  energy  and  proposed  a  third  process  of  interaction: 
stimulated  emission.  Einstein  postulated  that  the  spontaneous  emission  of  electromagnetic 
radiation  from  an  atomic  transition  has  an  enhanced  rate  in  the  presence  of  similar 
electromagnetic  radiation.  This  "negative  absorption"  is  the  basis  of  laser  energy. 
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Many  attempts  were  made  in  the  following  years  to  produce  stimulated  emission  of 
electromagnetic  energy,  but  it  was  not  until  1954  that  this  was  successfully  accomplished. 
In  that  year.  Dr.  Charles  Townes  and  two  of  his  students  discussed  their  experiences  with 
stimulated  emission  of  radiation  in  the  microwave  range  of  the  electromagnetic  spectrum. 
This  represented  the  first  maser  (microwave  amplification  by  the  .stimulated  emission  of 
radiation)  and  paved  the  way  for  the  development  of  the  first  laser. 

In  1958,  Dr.  Townes  and  another  physicist,  Dr.  Arthur  Schawlow  published 
"Infrared  and  Optical  Masers"  (Schawlow  and  Townes,  1958),  in  which  they  discussed 
stimulated  emission  in  the  microwave  range  of  the  spectrum  and  described  the  desirability 
and  principles  of  extending  stimulated  emission  techniques  to  the  infrared  and  optical 
ranges  of  the  spectrum.  Dr.  Theodore  Maiman  expanded  on  their  theoretical  writings  and 
built  the  first  laser  in  1960  (Maiman,  1960).  Using  synthetic  ruby  crystals,  this  laser 
produced  electromagnetic  radiation  at  a  wavelength  of  0.69  pim  in  the  visible  range  of  the 
spectrum.  Although  the  laser  energy  produced  by  Maiman's  ruby  laser  lasted  less  than  a 
millisecond,  it  paved  the  way  for  explosive  development  and  widespread  application  of  this 
technology. 

A  laser  is  an  electrooptical  device  that  emits  organized  light  (rather  than  random- 
pattern  light  emitted  from  a  light  bulb)  in  a  very  narrow,  intense  beam  by  a  process  of 
optical  feedback  and  amplification.  Since  the  explanation  for  this  organization  involves 
stimulated  emission,  a  brief  review  of  quantum  physics  is  necessary. 

In  the  semi-classical  picture  of  the  atom,  each  proton  is  balanced  by  an  electron  that 
orbits  the  nucleus  of  the  atom  in  one  of  several  discrete  shells  or  orbits.  A  shell 
corresponds  to  a  specific  energy  level  and  these  energy  levels  are  characteristic  of  each 
different  atom  or  molecule.  The  smaller  shells,  where  the  electron  is  closer  to  the  nucleus, 
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have  a  lower  energy  than  the  larger  shells,  where  the  electron  is  farther  away  from  the 
nucleus.  Electrons  of  a  particular  atom  can  only  orbit  the  nucleus  at  these  levels,  or 
"floors."  Radiation  of  energy  does  not  occur  while  the  electrons  remain  in  any  of  these 
shells. 

Electrons  can  change  their  orbits  or  energy  levels,  thereby  changing  the  energy  state 
of  the  atom.  During  excitation,  an  electron  can  make  the  transition  from  a  low  energy  level 
to  a  higher  energy  state.  If  the  excitation  comes  from  the  electron  interacting  with  a  discrete 
packet  of  light  (a  photon),  this  is  termed  absorption.  The  atom  always  seeks  its  lowest 
energy  level,  the  ground  state.  Therefore,  the  electron  will  spontaneously  drop  from  the 
high  energy  shell  back  to  the  lowest  energy  shell  in  a  very  short  time  (typically  108  s).  As 
the  electron  spontaneously  drops  from  the  higher  energy  shell  to  the  lower  energy  shell,  the 
atom  must  give  up  the  energy  difference.  The  atom  emits  the  extra  energy  as  a  photon  of 
light  in  a  process  termed  the  spontaneous  emission  of  radiation  (Fig.  1). 

Einstein  postulated  that  an  atom  in  a  high  energy  state  would  be  induced  to  make  the 
transition  to  a  lower  energy  state  even  faster  than  the  spontaneous  process  if  it  interacted 
with  an  existing  photon  of  the  same  energy.  One  might  imagine  a  photon  colliding  with  an 
excited  atom  and  the  collision  results  in  two  identical  photons  (one  incident  and  one 
produced  by  the  decay)  leaving  the  collision.  The  two  photons  have  the  same  frequency, 
have  the  same  energy  and  are  travelling  in  the  same  direction  in  spatial  and  temporal  phase 
(Einstein,  1917).  This  process,  which  Einstein  called  stimulated  emission  of  radiation,  is 
the  underlying  principle  of  laser  physics  (Fig.  1). 

All  laser  devices  have  an  optical  resonating  chamber  (cavity)  with  two  mirrors;  the 
space  between  these  mirrors  is  filled  with  a  lasing  medium  such  as  argon, 
neodymium:yttrium  aluminum  garnet  (Nd:Y AG)  or  carbon  dioxide  (CO2).  An  external 
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energy  source  such  as  an  electric  current  excites  the  lasing  medium  within  the  optical  cavity. 

This  pumping  causes  many  atoms  of  the  lasing  medium  to  be  raised  to  a  higher  energy 
state.  When  more  than  half  the  atoms  in  the  resonating  chamber  have  reached  a  particular 
excited  state,  a  population  inversion  has  occurred.  Spontaneous  emission  is  taking  place  in 
all  directions;  light  (photons)  emitted  in  the  direction  of  the  long  axis  of  the  laser  is  retained 
within  the  optical  cavity  by  multiple  reflections  off  the  precisely  aligned  mirrors.  One 
mirror  is  completely  reflective  and  the  other  partially  transmissive  (Fig.  2).  Stimulated 
emission  occurs  when  a  photon  interacts  with  an  excited  atom  in  the  optical  cavity,  yielding 
pairs  of  identical  photons  that  are  of  equal  wavelength,  frequency  and  energy  and  are  in 
phase  with  each  other.  This  process  takes  place  at  an  increasing  rate  with  each  passage  of 
the  photons  through  the  lasing  medium;  the  mirrors  serve  as  a  positive  feedback  mechanism 
for  the  stimulated  emission  of  radiation  by  reflecting  the  photons  back  and  forth.  The 
partially  transmissive  mirror  emits  some  of  the  radiant  energy  as  laser  light.  The  radiation 
leaving  the  optical  cavity  through  the  partially  transmissive  mirror  quickly  reaches  an 
equilibrium  with  the  pumping  mechanism’s  rate  of  replenishing  the  population  of  high 
energy  state  atoms,  i 

The  radiant  energy  emitted  from  the  optical  cavity  is  of  the  same  wavelength 
(monochromatic),  is  extremely  intense  and  unidirectional  (collimated),  and  is  coherent  both 
temporally  and  spatially.  Temporal  coherence  refers  the  waves  of  light  oscillating  in  phase 
over  a  given  time  interval,  A t.  Whereas  spatial  coherence  means  that  the  photons  are  equal 

*We  have  used  the  term  atom  in  the  preceeding  discussion  when  referring  to  the  lasing  material.  In  reality, 
the  lasing  material  can  be  molecules,  ions,  atoms,  semi  conductors  and  even  free  electrons  in  an  accelerator.  In  these 
other  systems,  it  does  not  have  to  be  the  bound  electron  that  is  excited.  It  can  be  many  different  excitations, 
including  molecular  vibrational  excitation  or  the  kinetic  energy  of  an  accelerated  electron. 
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and  parallel  across  the  wave  front.  These  properties  of  monochromaticity,  intensity, 
collimation  and  coherence  distinguish  the  organized  radiant  energy  of  a  laser  light  source 
from  the  disorganized  radiant  energy  of  a  light  bulb  or  other  light  source  (Ossoff  and 
Karlan,  1985).  (see  Fig.  3) 

After  the  laser  energy  exits  the  optical  cavity  through  the  partially  transmissive 
mirror,  the  radiant  energy  typically  passes  through  a  lens  that  focuses  the  laser  beam  to  a 
very  small  beam  diameter,  or  spot  size,  ranging  from  0.1  to  2.0  mm.  When  necessary,  the 
lens  system  is  constructed  to  allow  the  visible  helium-neon  aiming  laser  beam  and  the 
invisible  CO2  or  Nd:YAG  laser  beam  to  be  focused  coplanar.  The  optical  properties  of  each 
focusing  lens  determine  the  focal  length  or  distance  from  the  lens  to  the  intended  target 
tissue  for  focused  use. 

CONTROL  OF  THE  SURGICAL  LASER 

With  most  surgical  lasers,  the  physician  can  control  three  variables:  (1)  power 
(measured  in  watts),  (2)  spot  size  (measured  in  millimeters),  and  (3)  exposure  time 
(measured  in  seconds).  Of  these  three  variables,  power  is  the  least  useful  as  a  parameter 
and  may  be  kept  constant  with  widely  varying  effects,  depending  on  the  spot  size  and  the 
duration  of  exposure.  For  example,  the  relationship  between  power  and  depth  of  tissue 
injury  becomes  logarithmic  when  the  power  and  exposure  time  are  kept  constant  and  the 
spot  size  is  varied  (Ossoff  and  Karlan,  1985). 

Power  density  (PD)  is  a  more  useful  measure  of  the  intensity  of  the  beam  at  the 
focal  spot  than  power  because  it  takes  into  account  the  surface  area  of  the  focal  spot. 
Specifically,  power  density  or  power  per  unit  area  of  the  beam,  expressed  in  watts  per 
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square  centimeter,  is  a  measure  of  the  power  output  of  the  laser  in  watts  divided  by  the 
cross-sectional  area  of  the  focal  spot  in  square  centimeters. 

power  in  the  focal  spot 

PD  = - 

area  of  the  focal  spot 

Power  and  spot  diameter  are  considered  together  and  a  combination  is  selected  to  produce 
the  appropriate  power  density.  If  the  time  of  exposure  is  kept  constant,  the  relationship 
between  power  density  and  depth  of  injury  is  linear  as  the  spot  size  is  varied.  Power  density 
is  the  most  important  operating  parameter  of  a  surgical  laser  at  a  given  wavelength. 
Therefore,  surgeons  should  calculate  the  appropriate  power  density  for  each  procedure  to  be 
performed;  these  calculations  would  allow  the  surgeon  to  control  in  a  predictable  manner  the 
tissue  effects  when  changing  from  one  focal  length  to  another  (400  mm  for  microlaryngeal 
surgery  to  125  mm  for  handheld  surgery)  or  when  using  surgical  lasers  with  different 
transverse  electromagnetic  modes  (TEMoo  vs  TEMoi).  Power  density  varies  directly  with 
power  and  inversely  with  surface  area  (A).  This  relationship  of  surface  area  to  beam 
diameter  is  an  important  when  evaluating  the  power  density.  The  larger  the  surface  area,  the 
lower  the  power  density;  conversely,  the  smaller  the  surface  area,  the  higher  the  power 
density.  Surface  area  is  expressed  as: 


A  =  n  r2 


where  r  is  the  beam  radius.  Since  the  radius  is  one-half  of  the  beam  diameter  (d/2),  surface 
area  also  can  be  expressed  as: 


A  =  n  d2/22  or  A  =  n  d2/4 
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Surface  area,  then,  varies  as  the  square  of  the  beam  diameter;  doubling  the  beam  diameter 
will  increase  the  surface  area  by  four  times,  while  halving  the  beam  diameter  will  yield  only 
one-quarter  the  area.  Therefore,  power  density  varies  inversely  with  the  square  of  the 
diameter.  For  example,  doubling  the  beam  diameter  (from  d  to  2d)  reduces  the  power 
density  to  one-fourth  (PD  to  PD/4)  and  halving  the  spot  diameter  (d  to  d/2)  increases  power 
density  by  a  factor  of  4  (Ossoff  and  Karlan,  198^). 

Newer  CO2  lasers  emit  radiant  energy  with  a  characteristic  beam  intensity  pattern 
different  from  that  produced  by  older-model  lasers.  Because  this  beam  pattern  ultimately 
determines  the  depth  of  tissue  injury  and  vaporization  pattern  across  the  focal  spot,  the 
surgeon  must  be  aware  of  the  characteristic  beam  pattern  of  the  laser.  Transverse 
electromagnetic  mode  (TEM)  refers  to  the  distribution  of  energy  across  the  focal  spot  and 
determines  the  shape  of  the  laser's  spot.  The  most  fundamental  transverse  electromagnetic 
mode  is  TEMoo,  appearing  circular  when  cut  in  cross  section;  the  power  density  of  the  beam 
follows  a  gaussian  distribution,  with  its  greatest  amount  of  energy  at  the  center  of  the  beam, 
then  diminishing  progressively  toward  the  periphery.  TEM01  and  TEMn  modes  are  less 
fundamental  modes  that  have  a  more  complex  distribution  of  energy  across  their  focal  spot, 
causing  predictable  variations  in  tissue  vaporization  depth.  Additionally,  their  beams  cannot 
be  focused  down  to  as  small  a  spot  size  at  the  same  working  distance  as  TEMoo  lasers 
(Fuller,  1980). 

Although  simple  ray  diagrams  normally  show  parallel  light  to  be  focussed  to  a  point, 
the  actual  situation  a  bit  more  complicated.  A  lens  will  focus  a  gaussian  beam  to  a  beam 
waist  or  a  finite  size.  This  beam  waist  is  the  minimum  spot  diameter,  d,  and  can  be  written 
as 
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2/X 

d - 

D 

where /is  the  focal  length  of  the  lens,  X  is  the  wavelength  of  light  and  D  is  the  diameter  of 
the  laser  beam  incident  on  the  lens  (Fig.  4).  The  beam  waist  occurs  not  at  one  distance 
from  the  lens,  but  over  a  range  of  distances.  This  range  is  termed  the  depth  of  focus  and  can 
be  written  as 


ji  d2 

depth  of  focus  ~  - 

2  X 

We  realize  the  depth  of  focus  every  time  we  focus  a  camera  With  a  camera,  a  range  of 
objects  is  in  focus,  and  we  can  set  the  focus  without  carefully  measuring  the  distance 
between  the  object  and  the  lens.  Notice  from  the  above  equations  that  a  long  focal  length 
lens  (a  large  J)  leads  to  a  large  beam  waist.  A  large  beam  waist  also  translates  as  a  large 
depth  of  focus. 

The  size  of  the  laser  beam  on  the  tissue  (spot  size)  can  therefore  be  varied  in  two 
ways.  Because  the  minimum  beam  diameter  of  the  focal  spot  increases  directly  with 
increasing  the  focal  length  of  the  laser  focusing  lens,  the  surgeon  can  change  the  focal 
length  of  the  lens  to  obtain  a  particular  beam  diameter.  As  the  focal  length  becomes  smaller, 
there  is  a  corresponding  decrease  in  the  size  of  the  focal  spot;  also,  the  smaller  the  spot  size 
is  for  any  given  power  output,  the  greater  the  corresponding  power  density.  The  second 
way  the  surgeon  can  vary  the  spot  size  is  by  working  either  in  or  out  of  focus.  The 
minimum  beam  diameter  and  highest  power  concentration  occur  at  the  focal  plane,  where 
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much  of  the  precise  cutting  and  vaporization  is  carried  out  (Fig.  5a).  As  the  distance  from 
the  focal  plane  increases,  the  laser  beam  diverges  or  becomes  defocussed  (Fig.  5b).  Here, 
the  cross  sectional  area  of  the  spot  grows  larger  and  thus  lowers  the  power  density  for  a 
given  output.  As  one  can  readily  see  the  size  of  the  focal  spot  depends  on  both  the  focal 
length  of  the  laser  lens  and  whether  the  surgeon  is  working  in  or  out  of  focus.  Fig.  6 
demonstrates  these  concepts  using  arbitrary  ratios  accurate  for  a  current  model  TEMoo  CO2 

laser.  The  laser  lens  setting  (focal  length)  and  working  distance  (focus/defocus)  ' 
combinations  shown  here  determine  the  size  of  the  focal  spot.  The  height  of  the  various 
cylinders  represents  the  amount  of  tissue  (depth  and  width)  vaporized  after  a  1 -second 
exposure  at  the  three  focal  lengths. 

Varying  the  exposure  time  represents  the  third  way  in  which  the  surgeon  can  vary 
the  amount  of  energy  delivered  to  the  target  tissue.  Radiant  exposure  (RE)  refers  to  the 
amount  of  time  (measured  in  seconds)  that  a  laser  beam  irradiates  a  unit  area  of  tissue  at  a 
constant  power  density.  Radiant  exposure  is  a  measure,  then,  of  the  total  amount  of  laser 
energy  per  unit  area  of  exposed  target  tissue  and  is  expressed  as  joules  per  square 
centimeter 


RE  =  Power  Density  x  Time 

The  radiant  exposure  varies  directly  with  the  length  of  the  exposure  time.  The  exposure 
time  can  be  varied  by  working  in  either  the  pulsed  mode,  with  durations  ranging  from  0.05 
to  0.5  seconds,  or  in  the  continuous  mode. 

In  summary,  the  surgeon  can  control  the  CO2  laser  to  incise,  coagulate,  or  vaporize 
tissue  by  varying  the  power  output,  spot  size  or  exposure  time  of  the  laser  unit. 
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TISSUE  EFFECTS 

When  electromagnetic  energy  (incident  radiation)  interacts  with  tissue,  the  tissue 
reflects  part ,  the  tissue  absorps  part,  and  the  tissue  transmitts  and  scatters  part  of  the  light 
The  surgical  interaction  of  this  radiant  energy  with  tissue  is  caused  only  by  that  portion  of 
the  light  that  is  absorbed  (that  is,  the  incident  radiation  minus  the  sum  of  the  reflected  and 
transmitted  portions)  (Polanyi,  1983). 

The  actual  tissue  effects  produced  by  the  radiant  energy  of  a  laser  vary  with  the 
specific  wavelength  of  the  laser  used.  Each  type  of  laser  exhibits  characteristic  and  different 
biological  effects  on  tissue  and  is  therefore  useful  for  different  applications.  Yet,  certain 
similarities  exist  regarding  the  nature  of  interaction  of  all  laser  light  with  biological  tissue. 
The  lasers  used  in  medicine  and  surgery,  today,  can  be  ultraviolet  where  the  interactions  are 
a  complex  mixture  of  heating  and  photodissociation  of  chemical  bonds.  The  more 
commonly  used  lasers  emit  light  in  the  visible  or  the  infrared  region  of  the  electromagnetic 
spectrum,  and  their  primary  form  of  interaction  with  biological  tissue  leads  to  heating. 
Therefore  if  the  radiant  energy  of  a  laser  is  to  exert  its  effect  upon  the  target  tissue,  it  must 
be  absorbed  by  the  target  tissue  and  converted  to  heat  (Fig.  7).  Scattering  tends  spread  the 
laser  energy  over  a  larger  surface  area  of  tissue,  but  limits  the  penetration  depth  (Fig.  8). 

The  shorter  the  wavelength  of  light,  the  more  it  is  scattered  by  the  tissue.  If  the  radiant 
energy  is  reflected  from  (Fig.  9)  or  transmitted  through  (Fig.  10)  the  tissue,  no  effect  will 
occur.  To  select  the  most  appropriate  laser  system  for  a  particular  application,  the  surgeon 
must  have  a  thorough  understanding  of  these  four  characteristics  regarding  the  interaction 
of  laser  light  with  biologic  tissue  (Fuller,  1984). 
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The  CO2  laser  creates  a  characteristic  wound  (Fig.  1 1).  When  the  target  absorbs  a 
specific  amount  of  radiant  energy  to  raise  its  temperature  to  60°  to  65°  C,  protein 
denaturation  occurs.  Blanching  of  the  tissue  surface  is  readily  visible  and  the  deep 
structural  integrity  of  the  tissue  is  disturbed.  When  the  absorbed  laser  light  heats  the  tissue 
to  approximately  100°  C  vaporization  of  intracellular  water  occurs.  This  causes  vacuole 
formation,  cratering  and  tissue  shrinkage.  Carbonization,  disintegration,  smoke  and  gas 
generation  with  destruction  of  the  laser  radiated  tissue  occurs  at  several  hundred  degrees 
centigrade.  In  the  center  of  the  wound  is  an  area  of  tissue  vaporization;  here  just  a  few 
flakes  of  carbon  debris  are  noted.  Immediately  adjacent  to  this  area  is  a  zone  of  thermal 
necrosis  measuring  approximately  100  /mi  wide.  Next  is  an  area  of  thermal  conductivity 
and  repair,  usually  300  to  500  /^m  wide.  Small  vessels,  nerves,  and  lymphatics  are  sealed  in 
the  zone  of  thermal  necrosis;  the  minimal  operative  trauma  combined  with  the  vascular  seal 
probably  account  for  the  notable  absence  of  postoperative  edema  characteristic  of  laser 
wounds  (Mihashi  et  al.,  1976). 

Comparison  studies  have  been  performed  with  experimental  animals  on  the 
histological  properties  of  healing  and  the  tensile  strength  of  the  healing  wound  following 
laser  and  scalpel  produced  incisions.  Hall  (1971)  noted  that  the  tensile  strength  in  a  CO2 
laser  induced  incision  was  less  up  to  the  twentieth  day  post-injury;  by  the  fortieth  day, 
however,  it  equaled  that  of  the  scalpel  produced  incision.  Nonris  and  Mullanry  (1982) 
studied  the  healing  properties  of  laser  induced  incisions  on  hogs  and  concluded  that  scalpel 
induced  incisions  exhibited  better  wound  healing  characteristics  histologically  up  to  the 
thirtieth  day,  after  which  time,  both  incisions  exhibited  similar  results.  Buell  and  Schuller 
(1983)  compared  the  rate  of  tissue  repair  after  CO2  laser  and  scalpel  incisions  on  hogs.  In 
this  study  the  tensile  strength  of  the  laser  incisions  was  less  than  similar  scalpel  incisions 
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during  the  first  3  weeks  after  surgery;  after  that  time  rapid  increases  in  the  tensile  strength 
of  both  wounds  occurred  at  similar  rates. 

LASER  TYPES  AND  APPLICATIONS 


Six  types  of  lasers  are  commonly  in  use  in  otolaryngology-head  and  neck  surgery 
and  many  more  are  in  various  stages  of  development  These  include  the  argon  laser,  the 
argon  pumped  tunable  dye  laser,  Nd:Y AG  laser,  KTP  laser,  flash  lamp  pumped  dye  laser, 
and  CO2  laser.  The  potential  clinical  applications  of  each  of  these  surgical  lasers  are 
determined  by  their  wavelength  and  specific  tissue  absorptive  characteristics.  Therefore,  the 
surgeon  should  consider  the  properties  of  each  wavelength  when  choosing  a  particular  laser. 
This  will  facilitate  the  achievement  of  his  surgical  objective  with  minimal  morbidity  and 
maximal  efficiency. 

Argon  laser 

Argon  lasers  produce  blue-green  light  in  the  visible  range  of  the  electromagnetic 
spectrum  with  primary  wavelengths  of  .488  and  .514  pm.  The  radiant  energy  of  an  argon 
laser  may  be  strongly  absorbed,  scattered,  or  reflected,  depending  upon  the  specific 
biological  tissues  with  which  it  interacts.  Its  extinction  length  in  pure  water  is  about  80  m 
( extinction  length  refers  to  the  thickness  of  water  necessary  to  absorb  90%  of  the  incident 
radiation).  Therefore  the  radiant  energy  from  an  argon  laser  is  readily  transmitted  through 
clear  aqueous  tissues  such  as  cornea,  lens,  and  vitreous  humor,  and  is  absorbed  and 
reflected  to  varying  degrees  by  tissues  white  in  color  such  as  skin,  fat,  and  bone.  Light  from 
an  argon  laser  is  absorbed  by  hemoglobin  and  pigmented  tissues;  a  localized  thermal 
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reaction  takes  place  within  the  target  tissue,  causing  protein  coagulation.  The  clinician  uses 
this  selective  absorption  of  the  light  from  an  argon  laser  to  photocoagulate  pigmented 
lesions  such  as  port-wine  stains,  hemangiomas  and  telangiectasias  (Apfelberg  et  al.,  1981; 
Parkin  and  Dixon,  1981).  Gradual  blanching  of  the  laser-photocoagulated  tissue  takes 
place  over  several  months. 

When  the  beam  of  the  argon  laser  is  focused  to  a  small  focal  spot,  its  power  density 
increases  sufficiently  to  cause  vaporization  of  the  target  tissue.  This  characteristic  has 
allowed  otologists  to  use  this  laser  for  the  performance  of  stapedotomy  procedures  in 
patients  with  otosclerosis  (Perkins,  1980).  Bone,  being  a  white  tissue,  reflects  most  of  the 
incident  radiation  from  an  argon  laser.  Therefore,  when  performing  an  argon  laser 
stapedotomy,  it  is  necessary  to  place  a  drop  of  blood  on  the  stapes  to  initiate  absorption. 
Other  applications  of  this  laser  in  the  middle  ear  include  lysis  of  middle  ear  adhesions 
(DiBartolomeo  and  Ellis,  1980)  and  spot  welding  of  grafts  in  tympanoplasty  surgery 
(Escuderoetal.,  1979). 

Argon  tunable  dye  laser  system 

The  argon  tunable  dye  laser  system  works  on  the  principle  of  the  argon  laser 
making  a  high  intensity  beam  that  is  focused  on  dye  that  is  continuously  circulating  in  a 
second  laser  optically  coupled  with  the  argon  laser.  The  argon  laser  beam  energizes  the  dye, 
causing  it  to  emit  laser  energy  at  a  longer  wavelength  than  the  pump  beam.  By  varying  the 
type  of  dye  and  using  a  tuning  system,  different  wavelengths  can  be  obtained.  The  laser 
energy  from  this  dye  laser  can  then  be  transmitted  through  flexible  fiberoptics  and  delivered 
through  endoscopic  systems  or  inserted  directly  into  tumors.  The  major  clinical  use  of  this 
laser  is  with  selective  photodynamic  therapy  of  malignant  tumors  following  the  intravenous 
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injection  of  the  photosensitizer,  hematoporphyrin  derivative  (Dougherty  et  al.,  1975). 

After  the  intravenous  injection,  the  hematoporphyrin  derivative  disseminates  to  all 
the  cells  of  the  body,  rapidly  moving  out  of  normal  tissue,  but  remaining  longer  in 
neoplastic  tissue.  After  a  few  days  a  differential  in  concentration  exists  between  the  tumor 
cells  and  the  normal  cells.  When  the  tumor  is  exposed  to  red  light  (630  nm),  the  dye 
absorbs  the  light;  the  absorption  of  this  red  light  causes  a  photochemical  reaction  to  occur. 
Toxic  oxygen  radicals  such  as  singlet  oxygen  are  produced  within  the  exposed  cells  causing 
selective  tissue  destruction  and  cellular  death.  Since  there  is  less  photosensitizer  in  the 
normal  tissues,  a  much  less  severe  or  no  reaction  occurs.  The  main  technical  problem  is 
getting  enough  light  to  the  target  area.  Here,  the  argon  tunable  dye  laser  system  has  helped 
to  solve  this  problem  (Hayata  et  al.  1982).  Additional  research  to  increase  the  laser 
intensity  and  simplify  the  sometimes  cumbersome  setup  is  being  conducted  with  gold  vapor 
lasers  and  argon  pumped  titanium  sapphire  lasers  (Petrucco  et  al.,  1990). 

Results  obtained  by  many  investigators  in  this  countiy  demonstrate  that  the  premise 
of  treating  selected  neoplasms  with  hematoporphyrin  derivative  followed  by  activation  with 
red  light  is  valid  (Dougherty  et  al.,  1978;  Cortese  and  Kinsey,  1982;  Wile  et  al.,  1984a,b). 
The  overall  potential  and  exact  place  of  maximum  value  of  this  form  of  treatment  remain  to 
be  established.  Areas  that  appear  to  be  very  promising  include  carcinoma  of  the  urinary 
bladder  (Tsuchiya  et  al.,  1983),  endobronchial  lesions  of  the  lung  (Hayata  et  al.,  1984), 
selected  carcinomas  of  the  upper  aerodigestive  tract  (Wile  et  al.,  1984a),  skin  cancers 
(McCaughan  et  al.,  1983),  and  metastatic  dermal  breast  cancers  (Dougherty  et  al.,  1979). 
Trials  are  now  being  conducted  in  certain  specialties  on  intraoperative  photodynamic 
therapy  in  conjunction  with  conventional  surgery  and  on  photodynamic  therapy  as  the  sole 
modality  for  the  treatment  of  selected  superficial  mucosal  carcinomas  (Balchum  et  al.. 
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1984).  The  potential  for  this  compound  to  serve  as  a  tumor  marker  in  sites  where 
multicentric  tumors  are  common,  such  as  the  mucosal  surfaces  lining  the  upper 
aerodigestive  tract,  has  been  recently  discussed  (Ossoff  et  al.,  1984b).  The  use  of  a  krypton 
laser  with  an  image  intensifier  system  to  facilitate  endoscopic  detection  of  hematoporphyrin 
derivative  fluorescence  looks  promising  in  the  tracheobronchial  tree  (Dorion  et  al.,  1984). 

Nd:YAG  laser 

Nd:YAG  lasers  produce  light  with  a  wavelength  of  1.064  pirn  in  the  near  infrared 
(invisible)  range  of  the  electromagnetic  spectrum.  Pure  water  weakly  absorbs  the  radiant 
energy  of  the  Nd:YAG  laser .  The  extinction  length  is  about  40  mm.  Therefore  its  radiant 
energy  can  be  transmitted  through  clear  liquids  facilitating  its  use  in  the  eye  or  other  water 
filled  cavities  such  as  the  urinary  bladder.  The  absorption  of  light  from  this  laser  is  slightly 
color  dependent,  with  increased  absorption  in  darkly  pigmented  tissues  and  carbonaceous 
debris.  In  biological  tissue,  strong  scattering,  both  forward  and  backward,  determines  the 
effective  extinction  length,  which  is  usually  2  to  4  mm.  Back  scattering  can  account  for  up 
to  40%  of  the  total  amount  of  scattering.  The  zone  of  damage  produced  by  the  incident 
beam  of  a  Nd:YAG  laser  produces  a  homogeneous  zone  of  thermal  coagulation  and 
necrosis  that  may  extend  up  to  4  mm  deep  and  lateral  from  the  surface,  making  precise 
control  impossible. 

This  laser  is  an  excellent  surgical  instrument  with  which  to  perform  tissue 
coagulation;  vaporization  and  incision  also  can  be  performed  with  this  wavelength.  When 
used  for  these  two  functions,  however,  precision  is  lacking  and  tissue  damage  is  wide 
spread. 

The  radiant  energy  from  the  Nd:YAG  laser  can  be  transmitted  through  flexible 
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fiberoptic  delivery  systems,  allowing  its  use  with  flexible  endoscopes.  When  used  in  the 
management  of  patients  with  obstructing  neoplasms  of  the  tracheobronchial  tree,  it  is 
considered  safer  to  use  a  rigid,  ventilating  bronchoscope,  rather  than  a  flexible  fiberoptic 
bronchoscope  (Dumon  et  al.,  1984).  With  this  approach,  the  laser  fiber  is  passed  down  the 
lumen  of  the  rigid  bronchoscope  with  a  rod  lens  telescope  and  suction  catheter  (Dumon  et 
al.,  1982).  Otolaryngologists  may  begin  to  use  this  laser  with  the  CO2  laser  when 
performing  bronchoscopic  laser  surgery.  The  effective  coagulating  properties  of  the 
NdiYAG  laser  should  augment  the  predictable  vaporizing  properties  of  the  CO;  laser  when 
treating  patients  with  obstructive  tracheal  and  proximal  endobronchial  cancers,  especially 
when  faced  with  an  ulcerative  or  actively  bleeding  tumor  (Ossoff,  1986). 

CO2  laser 

CO2  lasers  produce  light  with  a  wavelength  of  10.6  yim  in  the  infrared  (invisible) 
range  of  the  electromagnetic  spectrum.  A  second,  built-in,  coaxial  helium  neon  laser  is 
necessary  to  indicate  with  its  red  color  the  site  where  the  invisible  CO2  laser  beam  will 
impact  the  target  tissue.  This  laser,  then,  acts  as  an  aiming  beam  for  the  invisible  CO2  laser 
beam.  The  radiant  energy  produced  by  the  CO2  laser  is  strongly  absorbed  by  pure, 
homogeneous  water  and  by  all  biological  tissues  high  in  water  content.  The  extinction 
length  of  this  wavelength  is  about  0.03  mm  in  water  and  in  soft  tissue;  reflection  and 
scattering  are  negligible.  Because  absorption  of  the  radiant  energy  produced  by  the  CO; 
laser  is  independent  of  tissue  color,  and  because  the  thermal  effects  produced  by  this 
wavelength  on  adjacent  nontarget  tissues  are  minimal,  the  CO2  laser  has  become  extremely 
versatile  for  use  in  otolaryngology-head  and  neck  surgery. 
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With  current  technology,  light  from  this  laser  cannot  be  transmitted  through  existing 
flexible  fiberoptic  endoscopes,  although  research  and  development  of  a  suitable  flexible 
fiber  for  transmission  of  this  wavelength  is  being  carried  out  on  an  international  level. 
Presently,  the  radiant  energy  of  this  laser  is  transmitted  from  the  optical  resonating  chamber 
to  the  target  tissue  via  a  series  of  mirrors  through  an  articulating  arm  to  the  target  tissue 
(Ossoff  and  Karlan,  1985).  This  laser  can  be  used  free-hand  for  macroscopic  surgery, 
attached  to  the  operating  microscope  for  microscopic  surgery,  and  adapted  to  an  endoscopic 
coupler  for  bronchoscopic  surgery  (Ossoff  and  Karlan,  1982);  in  this  application,  rigid, 
nonfiberoptic  bronchoscopes  must  be  used  (Ossoff  and  Karlan,  1983b). 

The  CO2  laser  has  become  indispensable  for  the  practice  of  laryngology, 
bronchology,  neurootology,  and  pediatric  otolaryngology.  Many  procedures  in  the  upper 
aerodigestive  tract  that  previously  required  prolonged  hospitalization  and  tracheotomy  can 
now  be  performed  without  the  need  for  tracheotomy  (Holinger,  1982),  and  often  as  an 
outpatient  procedure.  Within  the  field  of  neurootology  and  neurosurgery,  recent  reports 
have  shown  that  the  length  of  stay  and  perioperative  morbidity  associated  with  laser  removal 
of  acoustic  neuromas  is  reduced  when  compared  to  conventional  techniques  (Cerullo  and 
Mkrdichian,  1987). 

In  the  oral  cavity,  benign  tumors  can  be  excised  with  the  laser  (McDonald  and 
Simpson,  1983).  A  one-stage  tongue  release  can  be  performed  for  patients  requiring 
rehabilitation  of  speech  following  composite  resection  with  tongue  flap  reconstruction 
(Liston  and  Giordano.  1981).  Multiple  areas  of  leukoplakia  can  be  precisely  excised;  often, 
a  graft  is  not  necessary  to  resurface  the  operative  field.  Selected  superficial  carcinomas  can 
be  precisely  excised  with  the  use  of  the  laser,  and  large  recurrent  or  inoperable  tumors  can 
be  debulked  for  palliation  (Strong  et  al.,  1979). 
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The  laser  has  also  been  used  in  the  management  of  nasal  and  paranasal  sinus 
disease;  choanal  atresia  (Healy  et  al.,  1978),  hypertrophic  inferior  turbinates  (Mittelman, 

1982) ,  squamous  papilloma  and  hereditary  hemorrhagic  telangiectasia  have  been  treated 
with  the  CO2  laser  (Simpson  et  al.,  1982).  Yet,  the  argon  laser  is  a  more  efficacious 
instrument  for  the  treatment  of  hereditary  hemorrhagic  telangiectasia. 

Facial  plastic  surgical  applications  where  the  CO2  laser  has  shown  promise  include 
the  excision  of  rhinophyma  (Shapshay  et  al.,  1980),  the  excision  of  benign  and  malignant 
skin  tumors  (Kirschner,  1984),  and  the  vaporization  and  excision  of  nevi  and  tattoos  (Levine 
and  Balin,  1982). 

The  CO2  laser  has  found  its  greatest  use  in  otolaryngology— head  and  neck  surgery 
in  the  microscopic  surgical  management  of  benign  and  malignant  diseases  of  the  larynx. 
Surgery  for  recurrent  respiratory  papillomatosis  has  advanced  with  the  use  of  the  laser.  The 
increased  ability  to  preserve  normal  laryngeal  structures  while  maintaining  the 
translaryngeal  airway  more  than  offsets  the  initial  disappointment  associated  with  the  laser's 
inability  to  cure  the  disease  (Simpson  and  Strong,  1983).  In  the  pediatric  patient  population, 
surgery  for  webs,  subglottic  stenosis,  capillary  hemangiomas  and  other  space  occupying 
airway  lesions  has  been  significantly  improved  by  the  precision,  preservation  of  normal 
tissue,  and  predictable  minimal  amount  of  postoperative  edema  associated  with  the  judicious 
use  of  the  C02  laser  (McGill  et  al.,  1983). 

In  adults,  surgery  for  polyps,  nodules,  leukoplakia,  papilloma,  cysts,  granulomas, 
and  other  benign  laryngeal  conditions  can  be  performed  effectively  with  the  laser  (Vaughan, 

1983) .  A  new  era  of  conservation  surgery  or  phonosurgery  for  benign  laryngeal  disease 
has  been  created  by  the  laser.  In  the  past,  microlaryngeal  surgery  for  benign  disease  has 
been  mucosal  stripping  with  healing  by  remucosalization.  Now,  normal  mucosal  tissue  can 
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be  preserved  by  elevating  and  advancing  mucosal  flaps  with  new  endoscopic  laser 
techniques  (Karlan  and  Ossoff,  1984).  The  addition  of  the  microspot  micromanipulator  has 
furthered  these  techniques  (Shapshay  et  al.,  1988;  Ossoff  et  al.,  1991). 

The  addition  of  the  CO2  laser  to  endoscopic  arytenoidectomy  allows  the  surgeon  to 
precisely  vaporize  the  mucosa  and  underlying  arytenoid  cartilage  layer  by  layer  in  a  dry 
field  (Ossoff  et  al.,  1984a).  The  precision  associated  with  the  use  of  the  laser  facilitates 
performance  of  this  operation  even  by  surgeons  who  had  difficulty  mastering  the 
conventional  techniques  of  endoscopic  arytenoidectomy  (Thomell,  1984). 

The  transoral  management  of  squamous  cell  carcinoma  of  the  larynx  using  the  CO2 
laser  is  an  obvious  extension  of  the  application  of  this  surgical  instrument  The  advantages 
of  precision,  increased  hemostasis,  and  decreased  intraoperative  edema  allow  the  surgeon  to 
perform  exquisitely  accurate  and  relatively  bloodless  endoscopic  surgery  of  the  larynx. 
Recent  reports  have  shown  that  determinate  cure  rates  with  this  method  of  management  are 
equivalent  to  radiotherapy  (Blakeslee  et  al.,  1984;  Koufman,  1986). 

Bronchoscopic  indications  for  CO2  laser  surgery  include  management  of  recurrent 
respiratory  papillomatosis  or  granulation  tissue  within  the  tracheobronchial  tree,  excision  of 
selected  subglottic  or  tracheal  strictures,  excision  of  bronchial  adenomas  and 
reestablishment  of  the  airway  in  patients  with  obstructing  tracheal  or  endobronchial  cancers. 
In  this  latter  instance,  palliation  or  reduction  of  the  patient's  symptoms  of  airway  obstruction 
or  hemoptysis  is  the  desired  goal  (Ossoff  et  al.,  1986). 

KTP  laser 

The  potassium  titanyl  phosphate  (KTP)  laser  has  been  recently  introduced  for 
surgery.  It  lases  at  532  nm,  and  therefore  compares  with  the  argon  laser.  The  scattering 
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and  absorption  by  skin  pigments  are  nearly  the  same  as  the  argon  laser.  Yet,  the  KTP  laser 
light  is  more  strongly  absorbed  by  hemoglobin.  The  KTP  laser  has  shown  success  with 
stapedotomies  (Bartels,  1990).  Thedinger  (1990)  has  promoted  the  KTP  for  chronic  ear 
surgery.  He  specifically  identifies  the  removal  of  hyperplastic  infected  mucosa, 
disarticulating  mobile  stapes  suprastructure  in  a  complete  cholesteatoma  removal  and  the 
removal  of  previously  inserted  middle  ear  implants.  The  KTP  crystal  actually  frequency 
doubles  (halves  the  wavelength)  of  a  NdrYAG  laser.  Therefore,  this  laser  usually  allows  one 
to  switch  the  output  between  the  532  nm  KTP  light  and  the  1064  nm  Nd:YAG  light 

Flash  lamp  pumped  dye  laser 

The  treatment  of  hemangiomas  and  port  wine  stains  with  lasers  has  benefitted  from 
the  application  of  the  flash  lamp  pumped  dye  laser.  The  dye  was  initially  selected  for 
maximum  absorption  by  the  oxyhemoglobin  at  577  nm.  A  study  by  Tan  et  al.,  (1990a) 
showed  that  at  585  nm  there  is  maximal  hemoglobin  absorption  with  a  minimum  of 
scattering  and  minimal  absorption  by  melanin  and  other  pigments.  The  light  pulse  is  about 
400  psec  long  to  minimize  thermal  diffusion  in  the  tissue.  Although  dark  Negroid  skin 
types  show  little  or  no  selective  vascular  photothermolysis  with  the  laser,  the  results  with 
lighter  skin  are  significant.  At  a  threshold  dose,  specific  vascular  injury  is  observed  without 
the  disruption  of  the  adjacent  tissue  in  lightly  pigmented  skin  (Tan,  et  al.,  1990b). 


Other  lasers 

In  an  effort  to  have  a  more  controlled  laser  effect  with  less  damage  to  adjacent  tissue, 
several  lasers  in  the  near  to  mid  infrared  region  have  been  investigated.  These  include  the 
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erbium: Y AG  (En  YAG)  and  the  holmium:YAG  (Ho:YAG).  The  EnYAG  lases  at  the 
infrared  peak  of  water  absorption  at  2.94  pm.  Here  the  extinction  length  in  water  is  less 
than  2  pm.  The  laser  produces  very  clean  incisions  with  a  minimal  amount  of  thermal 
damage  to  the  adjacent  tissue.  There  are  two  negative  aspects  to  this  laser:  The  wavelength 
is  too  long  to  be  transmitted  through  normal  optical  fibers.  This  gives  a  distinct  advantage 
to  lasers  that  produce  light  that  can  be  transmitted  through  fibers.  More  importantly,  the 
thermal  propagation  is  so  short  there  is  practically  no  tissue  coagulation  and  no  hemostasis. 
This  laser  is  therefore  unsuitable  of  use  in  highly  vascular  tissue. 

The  Ho:YAG  laser  operates  at  2.1  pm.  This  wavelength  can  be  effectively 
transmitted  through  fibers.  The  extinction  length  is  water  is  about  0.4  mm,  which  suggests 
that  this  laser  light  should  interact  with  tissue  very  similar  to  the  CO2 laser.  The  Ho: YAG 
has  been  combined  with  fiberoptic  endoscope  for  sinus  surgery  (Schlenk  et  al.,  1990).  The 
hemostasis  is  good  and  the  soft  bone  ablation  is  readily  controlled.  Adjacent  thermal 
damage  zones  varied  from  130  to  220  pm  in  a  study  by  Stein  et  al.,  ( 1990). 

There  is  also  work  with  other  materials  that  lase  in  the  near  infrared  region  of  the 
spectrum,  such  as  the  cobalt:magnesium  fluoride  laser  (tunable  from  1.8  to  2. 14  pm). 
Alexandrite  lasers  (750  nm)  and  titanium  sapphire  lasers  (tunable  from  0.6  to  1.0  pm)  have 
also  been  considered.  Ultimately,  many  parameters  such  as  cost,  reliability  and  size,  in 
addition  to  the  tissue  response,  will  influence  choice  of  lasers  in  medicine. 

PULSE  STRUCTURE 


In  the  section  on  the  Control  of  the  Surgical  Laser  it  was  pointed  out  that  the 
surgeon  has  three  parameters  to  select  when  using  a  particular  laser.  The  intensity  of  the 
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laser  is  the  least  useful.  The  exposure  time  is  important  in  that  it  controls  the  total  amount 
of  light  incident  on  the  tissue,  the  Radiant  Exposure.  The  pulse  structure  of  the  laser  light 
within  the  given  exposure  time  is  also  crucial.  The  pulse  structure  is  a  characteristic  of  the 
lasing  medium  and  the  cavity  configuration.  It  is  often  fixed  and  the  surgeon  cannot  change 
or  modify  it 

Many  lasers  operate  in  a  continuous  wave  (cw)  mode.  In  this  mode,  the  laser  is 
always  on.  The  instantaneous  intensity  and  the  average  laser  intensity  are  essentially  the 
same.  A  shutter,  external  to  the  laser  cavity,  usually  controls  the  exposure  time.  This 
allows  the  laser  to  operate  independent  of  the  exposure  time  or  the  frequency  of  exposures. 
Tms  gives  the  most  stable  operation.  A  surgical  CQ2  or  Nd:YAG  laser  will  operate  cw  at 
intensities  of  a  few  watts  to  more  than  50  W. 

Certain  lasers  operate  in  a  pulsed  mode.  Flash  lamp  pumped  lasers  can  pulse  from 
about  0.5  ns  to  several  100  ms.  The  first  Ruby  laser  operated  in  a  pulsed  mode.  The 
flashlamp  used  to  pump  the  ruby  crystal  had  about  a  1  msec  pulse  duration.  It  was  clear 
that  the  laser  output  of  this  first  laser  was  irregular  and  unstable.  Observing  the  output  with 
a  fast  detector  and  oscilloscope,  the  output  intensity  was  not  a  millisecond  long  laser  pulse, 
but  it  observed  to  be  a  series  of  irregular  spikes.  Each  spike  was  a  few  microseconds  long 
and  there  were  several  microseconds  between  the  spikes.  The  stimulated  emission  in  the 
ruby  is  so  efficient,  that  it  quickly  depletes  the  population  inversion,  and  the  lasing  stops. 
After  the  lasing  stops  the  flashlamp  can  reestablish  tthe  population  inversion.  The  lasing 
can  then  resume.  The  process  repeats  until  the  flash  lamp  stops.  Most  of  the  long  pulsed 
lasers  operate  in  a  spiking  mode. 

The  spiking  of  the  laser  output  can  be  controlled  to  produce  a  single  very  short  laser 
pulse,  much  shorter  than  the  flashlamp  lifetime.  One  technique  to  produce  the  short  pulses 
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is  Q-switching.  Here,  the  laser  pumping  process  (usually  a  flash  lamp)  builds  up  a  large 
population  inversion  inside  the  laser  cavity.  The  laser  is  prevented  from  lasing  by  blocking 
or  removing  one  of  the  mirrors.  After  a  large  population  inversion  has  developed  the 
feedback  is  restored,  and  a  short  intense  burst  of  laser  light  depletes  the  accumulated 
population  inversion  in  typically  10  to  50  ns.  Q-switching  can  be  accomplished  by  several 
different  methods.  The  most  direct  and  earliest  method  used  was  rotating  the  end  mirror  so 
that  lasing  could  take  place  during  the  short  interval  when  the  mirror  was  correctly  aligned. 
Waring  blender  motors  were  often  used  as  a  fast,  stable  motors.  However,  uncertain  timing, 
lack  of  reliability  and  vibration  (not  to  mention  the  noise)  lead  to  many  problems, 
particularly  with  the  alignment  Electrooptic  polarization  rotators  and  acoustooptic  beam 
deflectors  are  now  commonly  used  for  Q-switching. 

Cavity  dumping  produces  slightly  shorter  pulses  of  light  In  this  technique,  the  laser 
is  pumped  and  allowed  to  lase  between  completely  reflecting  mirrors.  The  light  energy  is 
trapped  in  the  cavity  until  it  reaches  a  maximum.  Then  one  of  the  mirrors  is  “removed” 
from  the  cavity  and  allows  all  the  light  to  leave  the  cavity.  The  laser  pulse  has  a  physical 
length  of  twice  the  cavity  length.  The  time  duration  of  the  laser  pulse  is  then  211c  where  /  is 
the  length  of  cavity  and  c  is  the  speed  of  light  (c  ~  3  x  ICriO  cm/s  or  c  ~  1  ft/ns). 

Mode  locking  produces  pulses  of  light  as  short  as  a  few  ps.  A  Q-switched  laser 
operates  in  several  longitudinal  modes  (or  slightly  shifted  frequencies).  A  fast  saturable 
dye  brings  all  these  modes  into  phase.  The  nanosecond  macro  pulse  of  light  is  actually  a 
train  of  micro  pulses.  Each  micro  pulse  in  the  train  is  several  picoseconds  long  and  repeats 
at  about  100  MHz.  These  pulses  can  be  further  compressed  by  various  compression 
techniques.  The  shortest  laser  light  pulses  achieved  in  the  laboratory  are  less  than  4  wave 
oscillations  long  (~6  fs). 
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The  pulsed  laser  dramatically  changes  the  interactions  of  the  light  with  tissue.  The 
intensity  of  the  laser  during  the  pulse  is  extremely  high  (approaching  lO^W).  The  high 
intensity  and  short  pulse  duration  enables  the  laser  light  efficiently  to  ablate  tissue  before 
the  thermal  energy  spreads  by  thermal  diffusion.  The  pulse  needs  to  be  significantly 
shorter  than  the  thermal  diffusion  times  to  prevent  thermal  diffusion  from  spreading 
damage.  Typically,  a  tissue  under  laser  irradiation  reaches  thermal  equilibrium  within  a  few 
milliseconds.  The  heat  will  spread  over  several  micrometers  in  less  than  10  pi  sec  (Reinisch, 
1989).  Also,  the  transverse  mode  structure  of  the  laser  beam  must  be  preserved  in  the  short 
pulses  to  yield  the  small  focal  spot  size. 

SAFETY  CONSIDERATIONS 
Education 

The  laser  is  a  precise  but  potentially  dangerous  surgical  instrument  that  must  be 
used  with  caution.  While  certain  distinct  advantages  are  associated  with  the  use  of  this 
relatively  new  technology  in  the  management  of  certain  benign  and  malignant  diseases  of 
the  upper  aerodigestive  tract,  these  advantages  must  be  weighed  against  the  possible  risks  of 
complications  associated  with  laser  surgery.  Because  of  these  risks,  the  surgeon  must  first 
determine  if  the  use  of  the  laser  affords  an  advantage  over  conventional  surgical  techniques. 
For  the  surgeon  to  exercise  this  required  good  judgement  in  the  selection  and  use  of  lasers 
in  his  practice,  prior  experience  in  laser  surgery  is  necessary.  Therefore  exposure  to  some 
type  of  formal  laser  education  program  has  to  be  a  prerequisite  to  the  use  of  this 
technology.  The  surgeon  who  has  not  received  training  in  laser  surgery  as  a  resident  should 
attend  one  of  the  many  excellent  hands-on  training  courses  in  laser  surgery  given  in  this 
country.  Such  a  course  should  include  laser  biophysics,  tissue  interactions,  safety 
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precautions,  and  supervised  hands-on  training  with  laboratory  animals,  i  ’owing 
completion  of  such  a  course,  the  surgeon  should  practice  laser  surgery  on  cadaver  or  animal 
specimens  before  progressing  to  the  more  simple  procedures  on  patients. 

Each  hospital  performing  laser  surgery  should  appoint  a  laser  safety  officer  and  set 
up  a  laser  safety  committee  consisting  of  the  laser  safety  officer,  two  or  three  physicians 
using  the  laser,  one  or  two  nursing  representatives  from  the  operating  room,  a  hospital 
administrator,  and  a  biomedical  engineer.  The  purpose  of  this  committee  is  to  develop 
policies  and  procedures  for  the  safe  use  of  lasers  within  the  hospital.  As  such,  the  safety 
protocols  that  will  be  established  by  this  committee  will  vary  with  each  specialty  and  use  of 
the  laser.  In  addition,  the  laser  safety  committee  should  make  recommendations  regarding 
the  appropriate  credential -certifying  mechanisms  required  for  physicians  and  nurses  to 
become  involved  with  each  laser.  Educational  policies  for  surgeons,  anesthesiologists,  and 
nurses  working  with  the  laser  should  be  developed.  Other  responsibilities  of  this  important 
committee  include  the  accumulation  of  laser  patient  data  in  cases  where  an  investigational 
device  was  used  and  a  periodic  review  of  all  laser  related  complications. 

Suggested  minimal  educational  requirements  for  surgeons  to  use  lasers  are 
discussed  above.  Because  the  anesthesiologist  is  also  concerned  with  the  airway  and 
because  potent  oxidizing  gases  pass  through  the  airway  in  close  approximation  to  the  path 
of  the  laser  beam,  it  is  necessary  to  develop  a  team  approach  to  the  anesthetic  management 
of  the  patient  undergoing  laser  surgery  of  the  upper  aerodigestive  tract.  Therefore,  it  is 
highly  recommended  that  the  anesthesiologists  involved  with  laser  surgery  cases  attend  a 
didactic  session  devoted  to  that  subject.  Finally,  the  operating  room  staff  must  receive  some 
education  with  regard  to  laser  surgery.  Attendance  at  an  in-service  workshop  with  exposure 
to  clinical  laser  biophysics  and  the  basic  workings  of  the  laser  as  well  as  hands-on 
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orientation  should  be  the  minimal  requirement  for  nursing  participation  in  laser  surgery 
cases  (Spilman,  1983). 

Safety  protocol 

Development  of  an  effective  laser  safety  protocol  that  stresses  compliance  and 
meticulous  attention  to  detail  by  the  surgeon,  anesthesiologist,  and  operating  room  nurse 
(laser  surgery  team)  is  probably  the  single  most  important  reason  this  potentially  dangerous 
surgical  instrument  can  be  used  so  safely  in  treating  patients  with  diseases  of  the  upper 
aerodigestive  tract  (Ossoff,  1989).  Such  a  laser  safety  protocol  is  usually  general  enough  to 
list  all  the  major  and  most  minor  precautions  necessary  when  laser  surgery  is  being 
performed  in  the  specialty  of  otolaryngology--head  and  neck  surgery.  General 
considerations  concern  the  provision  for  protection  of  the  eyes  and  skin  of  patients  and 
operating  room  personnel,  as  well  as  the  provision  for  adequate  laser  plume  (smoke) 
evacuation  from  the  operative  field.  Additional  precautions  concern  the  choice  of  anesthetic 
technique,  the  choice  and  protection  of  endotracheal  tubes,  and  the  selection  of  proper 
instruments,  including  bronchoscopes. 

Eye  protection 

Depending  on  the  wavelength,  comeal  or  retinal  bums,  or  both,  are  possible  from 
acute  exposure  to  the  laser  beam.  The  possibility  for  comeal  or  lenticular  opacities 
(cataracts)  or  retinal  injury  exists  following  chronic  exposure  to  excessive  levels  of  laser 
radiation.  Several  different  structures  of  the  eye  are  at  risk;  the  area  of  injury  usually 
depends  upon  which  structure  absorbs  the  most  radiant  energy  per  volume  of  tissue. 

Retinal  effects  occur  when  the  laser  emission  wavelength  occurs  in  the  visible  and 
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near-infrared  range  of  the  electromagnetic  spectrum  (0.4  to  1.4 pi m).  When  viewed  either 
directly  or  secondary  to  reflection  from  a  specular  (mirror-like)  instrument  surface,  laser 
radiation  within  this  wavelength  range  would  be  focused  to  an  extremely  small  spot  on  the 
retina,  causing  serious  injury.  This  occurs  because  of  the  focusing  effects  of  the  cornea  and 
lens.  Laser  radiation  in  the  ultraviolet  (less  than  0.4  micrometers)  or  in  the  infrared  range  of 
the  spectrum  (greater  than  1.4  micrometers)  produce  effects  primarily  at  the  cornea, 
although  certain  wavelengths  also  may  reach  the  lens  (“American  National  Standard,” 
1981). 

To  reduce  the  risk  of  ocular  damage  during  cases  involving  the  laser,  certain 
precautions  should  be  followed.  Protection  of  the  eyes  of  the  patient  surgeon  and  other 
operating  room  personnel  must  be  addressed;  the  actual  protective  device  will  vary 
according  to  the  wavelength  of  the  laser  used.  A  sign  should  be  placed  outside  the 
operating  room  door  warning  all  persons  entering  the  room  to  wear  protective  glasses 
because  the  laser  is  in  use.  In  addition,  extra  glasses  for  the  specific  wavelength  in  use  at 
the  time  should  be  placed  on  a  table  immediately  outside  the  room.  The  doors  to  the 
operating  room  should  remain  closed  during  laser  surgery  with  the  COj  laser,  and  locked 
when  working  with  the  Nd:YAG  or  argon  laser. 

For  patients  undergoing  CO2  laser  surgery  of  the  upper  aerodigestive  tract,  a  double 
layer  of  saline  moistened  eye  pads  should  be  placed  over  the  eyes.  All  operating  room 
personnel  should  wear  protective  glasses  with  side  protectors.  Regular  eyeglasses  or 
contact  lenses  protect  only  the  areas  covered  by  the  lens  and  do  not  provide  protection  from 
possible  entry  of  the  laser  beam  from  the  side.  When  working  with  the  operating 
microscope  and  the  CO2  laser,  the  surgeon  need  not  wear  protective  glasses;  here  the  optics 
of  the  microscope  provide  the  necessary  protection  (Ossoff  et  al.,  1983a). 
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When  working  with  the  Nd:YAG  laser,  all  operating  room  personnel  must  wear 
wavelength  specific  protective  glasses  that  are  usually  of  a  blue/green  color.  The  patient's 
eyes  also  should  be  protected  with  a  pair  of  these  glasses.  Though  it  may  appear  that  the 
beam  direction  and  point  of  impact  are  confined  within  the  endoscope,  inadvertent  deflection 
of  the  beam  may  occur  due  to  a  faulty  contact,  a  break  in  the  fiber,  or  accidental 
disconnection  between  the  fiber  and  endoscope.  Special  wavelength- specific  filters  are 
available  for  flexible  and  rigid  bronchoscopes;  when  these  filters  are  in  place,  the  surgeon 
need  not  wear  protective  glasses  (“Guide,”  1984). 

When  working  with  the  argon,  KTP,  or  dye  lasers,  all  personnel  in  the  operating 
room,  including  the  patient,  should  again  wear  wavelength  specific  protective  glasses,  which 
are  usually  of  an  amber  color.  When  performing  photocoagulation  procedures  for  selected 
cutaneous  vascular  lesions  of  the  face,  protective  metal  eye  shields  rather  than  protective 
glasses  are  usually  used  on  the  patient  (DiBartolomeo,  1981).  Similar  precautions  are 
necessary  for  the  newer  visible  and  near  infrared  wavelength  lasers.  The  major  difference  is 
the  type  of  eye  protection  that  is  worn. 

Skin  protection 

All  exposed  skin  and  mucous  membranes  of  the  patient  outside  the  surgical  field 
should  be  protected  by  a  double  layer  of  saline  saturated  surgical  towels,  surgical  sponges, 
or  lap  pads.  When  microlaryngeal  laser  surgery  is  being  performed,  the  possibility  exists 
that  the  beam  might  partially  reflect  off  the  proximal  rim  of  the  laryngoscope,  rather  than  go 
down  it.  So,  saline  saturated  surgical  towels  completely  drape  the  patient's  face;  only  the 
proximal  lumen  of  the  laryngoscope  is  exposed.  Great  care  must  be  exercised  to  keep  the 
wet  draping  from  drying  out;  it  should  be  moistened  from  time  to  time  during  the  case. 


30 


Teeth  in  the  operative  field  also  need  to  be  protected;  saline  saturated  telfa,  surgical  sponges, 
or  specially  constructed  metal  dental  impression  trays  can  be  used.  Meticulous  attention  is 
paid  to  the  protective  draping  procedures  at  the  beginning  of  the  surgery;  the  same 
compulsion  should  be  displayed  for  the  continued  protection  of  the  skin  and  teeth  during 
the  surgical  procedure  (Ossoff  et  al.,  1983a). 

Smoke  evacuation 

Two  separate  suction  setups  should  be  available  for  all  laser  cases  in  the  upper 
aerodigestive  tract;  one  provides  for  adequate  smoke  and  steam  evacuation  from  the 
operative  field,  while  the  second  is  connected  to  the  surgical  suction  tip  for  the  aspiration  of 
blood  and  mucous  from  the  operative  wound  (Spilman,  1983).  When  performing  laser 
surgery  with  a  closed  anesthetic  system,  constant  suctioning  should  be  used  to  remove 
laser-induced  smoke  from  the  operating  room;  this  helps  to  prevent  inhalation  by  the  patient, 
surgeon  or  operating  room  personnel.  When  the  anesthetic  system  used  is  an  open  one  or 
with  jet  ventilation  systems,  suctioning  should  be  limited  to  an  intermittent  basis  to  maintain 
the  forced  inspiratory  oxygen  (FIO2)  at  a  safe  level.  Laryngoscopes,  bronchoscopes, 
operating  platforms,  mirrors,  and  anterior  commissure  and  ventricle  retractors  with  built-in 
smoke  evacuating  channels  facilitate  the  easy  evacuation  of  smoke  from  the  operative  field 
(Ossoff  and  Karlan,  1983a).  A  recent  report  has  suggested  that  the  smoke  created  by  the 
interaction  of  the  CO2  laser  with  tissue  is  probably  mutagenic  (Tomita  et  al.,  1981).  Filters 
in  the  suction  lines  should  be  usee'  to  prevent  clogging  by  the  black  carbonaceous  smoke 
debris  created  by  the  laser  (Mohr  et  al.,  1984). 


Anesthetic  considerations 
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Optimal  anesthetic  management  of  the  patient  undergoing  laser  surgery  of  the  upper 
aerodigestive  tract  must  include  attention  to  the  safety  of  the  patient,  the  requirements  of  the 
surgeon,  and  the  hazards  of  the  equipment.  Because  of  the  length  of  time  required  to 
expose  the  larynx  and  suspend  the  laryngoscope,  manipulate  the  operating  microscope  into 
position,  and  accurately  align  the  laser  beam  down  the  center  of  the  long  axis  of  the 
laryngoscope,  most  patients  require  general  anesthesia  for  this  type  of  surgery.  Any 
nonflammable  general  anesthetic  is  suitable;  halothane  and  enflurane  are  most  often  used. 
Because  of  the  risk  of  fire  associated  with  general  endotracheal  anesthesia,  the  inspired 
concentration  of  oxygen,  a  potent  oxidizing  gas,  is  important.  Mixtures  of  helium,  nitrogen, 
or  air  plus  oxygen  are  commonly  used  to  maintain  the  FI Oj around  but  not  above  40%  and 
insure  that  the  patient  is  adequately  oxygenated.  Nitrous  oxide  is  also  a  potent  oxidizing 
gas;  and  should  not  be  used  in  the  anesthetic  mixture  to  cut  the  oxygen  concentration. 

When  performing  laser  surgery  in  the  tracheobronchial  tree  through  the  rigid,  ventilating 
bronchoscope,  100%  oxygen  may  be  used.  In  either  case,  intravenous  supplementation  with 
small  doses  of  narcotics  and/or  tranquilizers  is  often  used  to  shorten  the  emergence  period 
following  anesthesia.  Muscle  relaxation  is  required  to  prevent  movement  of  the  vocal  cords 
when  working  in  the  larynx.  Jet  ventilation  techniques  during  laser  surgery  work  well  for 
selected  patients  (Edelist  and  Alberti,  1982);  the  present  unavailability  of  a  satisfactory 
method  of  total  intravenous  anesthesia  has  limited  its  widespread  use  in  complicated  cases, 
or  those  requiring  multiple  frozen-section  examinations. 

At  the  present  time  a  nonflammable,  universally  accepted  endotracheal  tube  for  laser 
surgery  of  the  upper  aerodigestive  tract  does  not  exist.  The  polyvinyl  endotracheal  tube 
should  not  be  used,  either  wrapped  or  unwrapped.  It  offers  the  least  resistance  to 
penetration  by  the  laser  beam  of  all  the  endotracheal  that  have  been  tested,  and 
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fire-breakdown  products  and  tissue  destruction  associated  with  combustion  of  this  tube  are 
the  most  severe.  The  Rusch  red  rubber  tube  offers  some  resistance  to  penetration  by  the 
laser  beam  and  causes  mild  to  moderate  damage  to  the  tracheobronchial  tree  should  a  fire 
occur.  The  silicone  tube  offers  more  resistance  to  penetration  than  the  red  rubber  tube; 
however,  silica  ash  can  be  seen  in  the  airway  after  fires  with  these  tubes  and  raises  the 
possibility  of  future  problems  with  silicosis  (Ossoff  etal.,  1983b).  Although  the  Norton 
metal  tube  (Norton  and  DeVos,  1978)  is  nonflammable,  problems  with  rigidity,  iriner-to- 
outer  diameter  ratios,  gas  leakage,  and  lack  of  a  cuff  have  prevented  it  from  becoming  the 
universally  accepted  tube  of  choice  for  CO2  laser  surgery.  Newer  endotracheal  tubes  for 
laser  surgery  (wavelength  specific)  are  now  available  from  several  manufacturers. 

Protection  of  the  endotracheal  tube  from  either  direct  or  reflected  laser  beam 
irradiation  is  of  primary  importance.  Should  the  laser  beam  strike  an  unprotected 
endotracheal  tube  carrying  oxygen,  ignition  of  the  tube  could  result  in  a  catastrophic, 
intraluminal,  blow-torch  type  endotracheal  tube  fire  (Schramm  et  al.,  1981).  Red  rubber 
endotracheal  tubes  wrapped  circumferentially  from  the  cuff  to  the  top  with  reflective  metallic 
tape  reduces  the  risk  of  intraluminal  fire  when  a  special  laser  protec  .ive  endotracheal  tube 
cannot  be  used  Metallic  tape  covered  with  merocel™  is  another  acceptable  alternative. 

Mylar  tape  offers  no  protection  from  the  laser  and  should  not  be  used  (Ossoff  and  Karlan, 
1984b). 

Protection  also  needs  to  be  provided  for  the  cuff  of  the  endotracheal  tube. 

Methylene  blue-colored  saline  should  be  used  to  inflate  the  cuff  (Ossoff  et  al.,  1983a). 
Saline-saturated  neurosurgical  cottonoids  are  then  placed  above  the  cuff  in  the  subglottic 
larynx  to  further  protect  the  cuff.  These  cottonoids  require  frequent  moistening  during  the 
procedure.  Should  the  cuff  become  deflated  from  an  errant  hit  by  the  laser  beam,  the 
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already-saturated  cottonoids  would  turn  blue  to  warn  the  surgeon  of  impending  danger. 

The  tube  should  then  be  removed  and  replaced  with  a  new  one.  Use  of  the  operating 
platform  is  strongly  recommended  as  a  further  insulation  against  potential  danger.  Inserted 
into  the  subglottic  larynx  above  the  level  of  the  packed  cottonoids,  this  unique  instrument 
serves  as  a  catcher's  mitt  to  protect  the  cottonoids,  endotracheal  tube  and  cuff  from  any 
direct  or  reflected  laser  beam  irradiation  (Ossoff  and  Karlan,  1984a). 

The  Nd:Y  AG  laser  has  a  different  interaction  with  endotracheal  tubes  than  the  CO2 
laser.  In  vitro  testing  of  various  endotracheal  tubes  with  the  Nd:YAG  laser  has 
demonstrated  that  the  safest  tube  to  use  is  a  colorless  or  white  polyvinyl  endotracheal  tube 
or  silicone  endotracheal  tube  without  any  black  or  dark  colored  lettering  on  the  tube  itself. 
Also,  the  tube  should  not  have  any  lead-lined  marking.  The  Rusch  red  rubber  tube  with  or 
without  metallic  tape  did  not  protect  against  ignition  with  the  Nd:YAG  laser  (Shapshay,  no 
date). 

Instrument  selection 

The  surface  characteristics  of  instruments  used  in  laser  surgery  should  provide  for 
low  specular  or  direct  reflectance  and  large  diffuse  or  scattered  reflectance  of  the  laser  beam, 
should  the  beam  inadvertently  strike  the  instrument.  Plastic  instruments  should  be  avoided 
since  they  can  melt  with  the  laser  irradiation.  Use  of  instruments  with  these  surface 
characteristics  will  contribute  to  minimizing  tissue  injury  or  endotracheal  tube  ignition  from 
direct  or  reflected  laser  beam  irradiation. 

Rigid  instrumentation  is  the  preferred  method  of  laser  bronchoscopy  with  either  the 
CQjor  Nd:YAG  laser;  should  active  bleeding  occur  during  a  case,  it  would  be  extremely 
difficult  or  impossible  successfully  to  control  the  airway  and  evacuate  the  blood  using 
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flexible  instrumentation.  Additionally,  rigid  instrumentation  allows  the  surgeon  to  pass  one, 
two,  or  three  suction  cannulas  through  the  bronchoscope  to  facilitate  blood  evacuation  and 
airway  control.  This  point  must  be  emphasized  because  of  the  recent  proliferation  of  the 
Nd:YAG  laser  surgery  and  the  ability  of  this  laser  light  to  be  delivered  through  flexible 
fiberoptic  endoscopes  as  well  as  rigid  endoscopes. 

Bronchoscopic  couplers  for  CO>  laser  surgery  must  have  an  optical  system  that 
allows  the  visible  helium-neon  aiming  laser  beam  to  be  passed  coaxially  with  the  invisible 
CO2  laser  beam.  In  addition,  the  surgeon  should  be  able  to  center  the  beam  within  the 
lumen  of  the  bronchoscope  to  avoid  the  hazards  of  the  beam  reflecting  off  the  inside  wall  of 
the  bronchoscope,  with  subsequent  loss  of  power  and  possible  heating  of  the  bronchoscope 
itself.  Bums  of  the  trachea,  larynx,  pharynx,  and  oral  cavity  have  occurred  as  a  direct  result 
of  such  an  event  (Ossoff  and  Karlan,  1983b). 

Effectiveness  of  a  safety  protocol 

Strong  and  Jako  ( 1972)  and  later  Snow  et  al.  (1976)  warned  of  the  possible 
complications  associated  with  laser  surgery  of  the  upper  aerodigestive  tract  including  the 
risks  of  endotracheal  tube  fires  and  tissue  damage  from  reflection  of  the  laser  beam. 
Following  these  early  warnings,  several  reports  of  complications  uniquely  attributable  to  use 
of  the  CO2  laser  appeared  in  the  literature  (Alberti,  1981 ;  Burgess  and  Lejeune,  1979; 
Cozineetal.,  1981;Meyers,  1981).  In  a  survey  of  laser-related  complications  reported  by 
Fried  (1984),  49  of  152  otolaryngologists  who  used  the  laser  reported  81  complications  that 
included  28  separate  incidents  of  endotracheal  tube  fires.  A  recent  analysis  of 
complications  unique  to  the  use  of  the  laser  that  occurred  under  a  rigid  safety  protocol  at 
Northwestern  University  Medical  School  ard  affiliated  hospitals  revealed  a  1.7%  incidence 
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of  complications;  no  fires  were  reported  in  this  group  (Ossoff  et  al.,  1983).  Healy  et  al. 
(1984)  published  a  0.2%  complication  rate  in  4416  cases  of  CO2  laser  surgery  in  the  upper 
aerodigestive  tract.  Ossoff  ( 1989)  published  an  extensive  review  of  laser-related 
complications  experienced  by  218  past  registrants  of  hands-on  laser  surgery  training 
courses  that  he  directed.  Seven  surgeons  experienced  8  complications  and  no  endotracheal 
tube  fires.  The  complication  rate  was  0.1%  in  over  7200  laser  surgical  procedures.  The 
conclusions  of  these  papers  are  similar.  First,  certain  precautions  are  necessary  When 
performing  laser  surgery  of  the  upper  aerodigestive  tract  Second,  adherence  to  a  rigid 
safety  protocol  allows  laser  surgery  of  the  airway  to  be  preformed  safely  and  with  an 
extremely  small  risk  of  serious  complications. 
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FIGURE  LEGENDS 

Figure  1:  The  interaction  of  light  (a  photon)  with  an  atom.  Three  processes  are  shown: 
the  absorption  of  a  photon  by  an  atom  in  a  low  energy  state,  the  spontaneous  emission  of  a 
photon  from  an  atom  in  an  excited  state,  and  the  stimulated  emission  of  a  photon  by  a 
second  photon  of  the  same  wavelength  from  an  excited  state  atom. 

Figure  2:  The  optical  resonating  chamber  of  a  CO2  laser.  The  gas  molecules  are  excited 
by  an  electric  current  The  gas  is  cooled  by  a  water  jacket  The  two  mirrors  provide  the 
optical  feedback  for  the  amplification.  The  emitted  light  is  coherent,  monochromatic  and 
collimated.  The  light  can  be  focussed  to  a  small  point  with  an  external  lens. 

Figure  3:  (a)  Laser-tissue  interaction  when  the  tissue  is  the  focal  distance  away  from  the 
lens.  Note  the  minimum  beam  diameter  in  the  focal  plane,  (b)  Laser-tissue  interaction 
when  the  tissue  is  not  in  the  focal  plane  of  the  lens.  The  laser  covers  a  much  larger  area  on 
the  tissue  surface. 

Figure  4:  (a)  Light  emitted  from  a  conventional  lamp.  The  light  travels  in  all  directions,  is 
composed  of  many  wavelengths  and  the  light  is  not  coherent,  (b)  Light  emitted  from  a 
laser.  The  light  all  travels  in  the  same  direction,  it  is  a  single  wavelength  and  all  of  the  waves 
are  in  phase  (the  light  is  coherent). 


Figure  5:  The  beam  waist  of  parallel  light  focussed  by  a  lens.  The  focal  length  of  the  lens 
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is/  the  incident  beam  is  TEMoo  and  has  a  diameter  incident  on  the  lens  of  D.  The  beam 
waist  has  a  diameter  of  d. 

Figure  6:  Schematic  graph  of  power  density  vs.  spot  size.  The  ratios  are  arbitrary  for  a 
current  model  CO2  laser.  The  cylinder  height  represents  the  amount  of  tissue  vaporized 
after  a  one  second  exposure  at  the  three  designated  focal  lengths. 

Figure  7:  Schematic  illustration  of  absorption. 

Figure  8:  Schematic  illustration  of  scattering. 

Figure  9:  Schematic  illustration  of  reflection. 

Figure  10:  Schematic  illustration  of  transmission. 

Figure  11:  Schematic  illustration  of  the  wound  created  by  the  carbon  dioxide  laser, 
showing  the  representative  zones  of  injury. 
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significant.  The  zone  of  coagulation  fur  skin  ranged  from 
126  +_  13  (SO)  jj  to  437  +_  73  (SD)  p.  Optimum  incision  of 
skin  was  observed  with  blade  diameters  *  0. 6  mm.  The  zone 
of  coagulation  for  liver  ranged  from  279  _+  63  (SO)  p  to  447 
_+  57  (SO)  p .  Optimum  cutting  and  hemostasis  was  observed 
with  blades^  0.6  mm  diameter.  Frosting  did  not  improve 
blade  function.  It  is  concluded  that  sapphire  tips  from  all 
manufacturers  are  similar.  Frosting  appears  to  be 
superfluous  as  does  the  wide  variety  of  sizes  available. 

The  clinician  and  hospital  should  choose  blade  sizes 
judiciously,  based  on  durability  and  longevity 
characteristics  for  their  institution. 
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MOLECULAR  SURGERY  OF  THE  BASEMENT  MEMBRANE:  DOSE  EFFECTS  OF 
THE  ARGON  LASER.  T.  Helmsworth,  C.  Wright,  S.  Scheffter*. 
and  S.  Keller*,  The  Jewish  Hospital  of  Cincinnati,  Goldman 
Laser  Instititute,  *Department  of  Biological  Science, 
University  of  Cincinnati. 

The  current  theories  to  explain  vascular  welding  are  based 
on  electronmicrographs.  The  purpose  of  this  study  is  to 
determine  if  there  is  a  measurable  biochemical  effect  on 
uasement  membrane  related  to  the  dose  of  laser  energy. 
Murine  basement  membrane,  EHS  (Engelbreth,  Holm,  Swann)  50 
ul  was  aloquated  into  micro-centrifuge  tubes  and  allowed  to 
gel  at  room  temperature.  It  was  then  exposed  to  an  argon 
laser  beam  at  energy  fluences  of  0,100,500,750,1000,  and 
1500  joules/cm^.  The  exposures  were  carried  out  with  the 
sample  in  a  circulating  water  bath  to  prevent  thermal  build 
up.  The  gels  were  then  solubilized  in  SDS  electrophoresis 
running  buffer.  The  basement  membrane  proteins  were  sep¬ 
arated  by  electrophoresis  through  acrylamide  gradient  gels 
(3  to  22Z)  under  denaturing  and  reducing  conditions.  No 
differences  in  the  polypeptide  composition  were  noted  be¬ 
tween  irradiated  and  control  samples  using  either  coomassie 
or  silver  staining  techniques.  This  suggests  that  the 
laser  irradiation  did  not  result  in  the  breakdown  in  any  of 
the  basement  membrane  polypept ides .  The  irradiated  and 
control  samples  of  gelled  basement  membrane  were  then  ana¬ 
lyzed  on  1.5Z  agarose  gels  in  lOmM  Tris,  pH8  containing  0.1 
SDS.  The  preparations  produced  a  single  coomassie  positive 
band,  but  the  control  migrated  at  0.5  and  the  laser  irra¬ 
diated  samples  and  increasing  distance  up  to  0.7  for  the 
1500  joules/cm^.  Thus,  the  argon  laser  appears  not  only 
to  have  altered  the  relationship  between  the  basement  mem¬ 
brane  polypeptides  but  this  change  is  dose  dependent.  The 
addition  of  5mM  beta-mercaptoechanol  eliminated  these  dif¬ 
ferences,  so  that  the  argon  laser  appears  to  target  cys¬ 
teines  and  disulfied  groups  associated  with  basement  mem¬ 
brane  proteins.  The  laser  energy  changes  the  solubility  of 
the  fibers,  allowing  them  to  move  and  the  bonds  to  reform 
with  the  ajacent  tissue  being  welded.  In  sum,  the  argon 
laser's  effect  of  formed  basement  membrane  may  provide  for 
the  development  of  new  reagents  and  allow  for  a  systematic 
search  for  the  best  conditions  for  vascular  welding. 
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PHOTO INDUCED  RIBONUCLEIC  ACID  CROSS!.  INKING  USING  VISIBLE 
AND  INFRARED  WAVELENGTHS.  Michael  I).  Kyzer,  Jerri  A. 
Tribble,  Walter-G  Wrobel,  Robert  H.  Ossoff.  Vanderbilt 
University  Medical  Center,  Department  of  Otol arvng >1 ogy , 
Nashville,  TN. 

Efforts  to  study  the  effect  of  high  intensity,  short 
duration  laser  radiation  on  cell  metabolism  have  yielded 
preliminary  evidence  of  RNA  crosslinking  induced  by 
radiation  of  visible  (532nm)  and  infrared  (I064nm)  wave¬ 
lengths.  This  is  interesting  both  from  a  photochemi  v  .i! 
mechanistic  and  from  a  clinical  point  "f  view.  Cyt-..pl asmj,. 
RNA  was  exposed  to  3“>  picosecond  pulses  (at  IDHz)  f  r«im  a 
^-switched,  mode  locked  Sd:YAG  laser  at  power  densiti 
f  rum  2.3x10^  to  / .  5  x  I  0  *  *  at  'Liam  and  f  r  cm  1.1x10*  * 
5.4x10^  Watt  a-  lObAnn,  at  a  constant  tori] 

10  J.  Irradiated  and  control  sample;  were  eluted  rhr 
agarose  gels  under  nondena  t  ur  i  ng  and  denaturing  t  -.;;di 
No  difference  was  observed  between  the  <:  intro;  and 
Irradiated  samples  the  rtmdennr  ur  i  ng  gel,  g.viug 


evidence  that  fragmentation  and  intermolecular  cross  linking 
was  minimal .  On  the  Jena Lui lug  ,  however,  s.icipvc  ■> 
irradiated  at  both  wavelengths  showed  distinctly  similar 
mobility  shifts  suggesting  a  possible  multiphoton 
mechanism  .  Further  investigations  are  unde rway  to  study 
the  power  and  wavelength  dependence  of  RNA  croslinking 
induced  by  this  spectral  region. 
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193nm  EXCIMER  LASER  RADIATION:  MOLECULAR 
RESPONSES  OF  CULTURED  HUMAN  CELI.S.  Donaia 
Rimoldi,  Alexandra  C.  Miller,  Elaine  Young  and  Dvorit  Snmid. 
Uniformed  Services  University  of  the  Health  Sciences,  and 
Armed  Forces  Radiobiology  Research  Institute,  Bethesda,  MD. 
The  Wiimer  Eye  Institute,  The  Johns  Hopkins  School  of 
Medicine,  Baltimore,  MD. 

The  effect  of  sublethal  doses  of  193nm  laser  radiation  on 
cellular  DNA  and  gene  expression  has  been  examined  in 
cultured  human  skin  fibroblasts.  Northern  blot  analysis  of 
mRNA  from  irradiated  cells  revealed  a  dose-dependent  increase 
in  the  levels  of  the  c-fos  proto-oncogene,  interstitial  collagenase, 
and  metallothionein  transcripts.  While  the  biological 
significance  is  not  clear  at  this  time,  it  should  be  noted  that 
similar  changes  in  gene  expression  have  been  previously 
observed  in  cells  treated  with  different  carcinogens,  including 
classical  UV  light  (254nm)  and  phorbol  esters.  Preliminary 
studies  with  cultured  human  corneal  epithelium  also  showed 
induction  of  collagenase  in  irradiated  cells.  In  contrast  to  the 
conventional  UV  light  or  laser  radiation  at  248nm,  the  I93nm 
radiation  did  not  cause  significant  pyrimidine  dimer  formation 
in  the  skin  cells,  as  determined  by  measurements  of 
unscheduled  DNA  synthesis  (UDS).  However,  both  !93nm  and 
248nm  radiation  induced  micronuclei  formation,  indicative  of 
chromosome  breakage.  These  data  suggest  that  exposure  of 
actively  replicating  human  skin  fibroblasts  to  sublethal  doses  of 
193nm  laser  radiation  may  result  in  molecular  changes 
associated  with  carcinogenesis.  Studies  aimed  to  further 
evaluate  the  potential  carcinogenic  risk  involved  in  193nm  laser 
treatment  of  the  skin  and  cornea  will  be  presented.  We  thank 
W.P.  Vandemcrwe  and  M.  Smith  for  help  with  the  laser. 
Supported  by  MAALT  and  N1H  Grant  R03-EY0822001. 
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EFFECT  OF  Ho-N*  1ASF.R  IRRADIATION  ON  CHEMICAL  INTERME¬ 
DIARIES  OF  INFLAMATIOS  "IN  VITRO". 

J. Palma,  H.Juri,  J.Lillo,  S.Yung,  R. Lapin.  Cordoba  Laser 
Center.  National  University  of  Cordoba  -  Argentina. 

The  known  increment  of  Plasma  Fibrinogen  Level  (P.F.L.) 
after  surgical  injury,  is  produce.!  by  the  interaction  of 
Prostaglandin.;,  (PGE)  Rradykinin  (B)  and.  Histamine  (H)  . 

It  has  boon  demonstrated  that  He-Ne  laser  irradiation 
"in  vivo"  at  rhe  injury  site  or  at  the  injection  site  of 
the  "Inf  1  amatory  Hormones",  Mocks  the  mentioned  increment 
of  P.F.L. 

With  the  intention  to  understand  hotter  the  intrinsic 
rt*can isn  of  action  wo  studied  the  P.F.L.  in  rats  injected 
with  PCF j ;  B;  and  H . ,  previously  irradiated  with  He-Ne 
laser  "in  vitro"  (  L!  total  energy  to  the  or.bir.od  drugs'. 

Results:  the  P.F.L.  measured  in  r.g  per  one  hudr**d  ml  of 
plasma  increased  s i gni  f  irant  Ly  in  animals  in:erted  with 
non  rad  iat  ed  I'GFj  ♦  H  f  H  (  *  11.*  1  ;  PCE  \  *■  B  i'L'«V.U  + 

19.4);  PGE]  *■  H  (H)J.O  *  15.3)  compared  with  normal  n-u. 
injected  an  inn  is  (22 1.2  ♦  9.1  i. 

Gn  the  r<mt  r.iry ,  with  [rr.'iu-.isi  ;  irradiated  dr-.,,",  ("m 
vitro",  shi.w.-d  : :  » t  s  ;  go.  i  t  leant  rs..|  i :  -.a!.-  n  M  P.  1  .L  .  :n 
animal.,  n.j*  'e-I  with  PCF-  *  R  ♦  H  5  *  Is.',  and  Psi  ; 

►  B  (20'f.h  ♦  ii.9’  hut  showed  the  ,ai  I : .  -  r  t  alter 
in  »ec  t  l-  :i  of  pCF  1  ♦  H  t  Mi 5  *■  !  *  . 
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time  to  90  min  caused  a  further  increase  in  the 
number  of  labeled  neurons  (2366  labeled  on  day 
9).  To  maximally  increase  the  rate  of  nerve 
regeneration,  laser  irradiation  must  occur 
daily.  When  laser  stimulation  was  done  on 
alternating  days,  the  number  of  labeled  neurons 
dropped  to  291  on  day  9  which  was  still  3  times 
greater  than  the  controls.  When  the  rats  were 
treated  daily  for  the  first  4  days  only,  the 
number  of  labeled  neurons  on  day  9  also 
decreased  but  was  still  10-fold  greater  than 
that  of  non-irradiated  facial  nerves. 
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THE  EFFECTS  OF  LOW  LEVEL  LASER  THERAPY  OH  THE 
PROLIFERATION  OF  XERATINOCYTES  IN  VITRO. 

C.W. B.  Stelnlechner  and  M.  Dyson,  Tissue  Repair  Unit, 
United  Medical  and  Dental  Schools  of  Guy's  and  St. 
Thomas's  Hospitals  (Guy's  Hospital  Campus),  London, 
England. 

The  effects  of  coherent  red  (632.8  mo)  and  Infrared  light 
(904  nm>  on  the  proliferation  of  kerat inocy tes  in  vitro 
have  been  Investigated.  The  light  was  delivered  by  means 
of  a  Space  Mlx-5  mid-laser  at  energy  densities  ranging 
from  0.25  -  4.0  J/cm*.  The  laser  system  used  produces 
coherent  visible  red  light  in  continuous  mode,  and 
coherent  infrared  light  in  200  ns  pulses.  These  pulses 
were  delivered  at  either  1205  or  3125  pulses  per  second. 
The  equipment  was  modified  so  that  either  red  or  infrared 
light  could  be  produced  independently.  Kerat inocy tes 
from  both  subconfluent  and  confluent  cultures  were 
irradiated.  They  were  subsequently  grown  in  culture 
medium  containing  either  5%  or  fetal  calf  serum, 
proliferation  being  slower  in  the  latter.  The  results 
obtained  indicate  that  (1)  exposure  to  either  coherent 
continuous  visible  red  or  pulsed  infrared  light  can 
stimulate  keratinocyte  proliferation,  variation  In 
pulsing  being  insignificant  when  the  energy  density  is 
maintained  constant,  (2)  the  delay  In  onset  of 
proliferation  normally  observed  in  kerat inocy tes  obtained 
from  confluent  cultures  con  be  reduced  by  exposure  to 
laser  irradiation,  and  (3)  a  greater  response  can  be 
obtained  in  kerat Inocy tes  whose  growth  rate  has  been 
reduced  by  maintenance  in  medium  containing  1%  fetal  calf 
serum  than  in  those  grown  in  medium  containing  5*  fetal 
calf  serum.  In  a  second  series  of  experiments  the 
proliferation  of  kerat inocy tes  exposed  to  supernatants 
obtained  from  irradiated  macrophages  was  examined.  As 
with  direct  irradiation,  it  was  found  that  although  the 
lower  energy  densities  were  stimulatory,  exposure  to  4 
J/cm*  was  Inhibitory. 
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CORRELATIVE  ULTRAS  TRUCTIJRAL  AND  BIOMECHANICAL  CHANCES 
INDUCED  IN  REGENERATING  TENDONS  EXPOSED  TO  LASER 
PHOTOSTIMULATION 

Chukuka _ S .  Knwcmeka .  Oscar  Rodriquez,  Norman  G.  Gall, 

Nicholas  E.  Walsh,  Veteran  Administration  Medical 
Centers  at  San  Antonio  6  Miami,  University  of  Texas 
Health  Science  Center  at  San  Antonio  and  the  University 
of  Miami  School  of  Medicine,  Miami,  FL. 

The  purpose  of  this  study  was  to  determine  the 
u 1 trastructural  and  biomechanical  effects  of  laser 
photostimulation  on  healing  tendons.  Under  anaesthesia, 
the  riciht  calcaneal  tendons  of  71  rabbits  wore 
tenotomized,  repaired  and  immobilized.  After  random 
assignment  to  six  groups,  the  tenotomized  tendons  of 
five  groups  of  rabbits  were  stimulated  daily  with  He-Ne 
laser  of  632.8  nm  wavelength.  Each  group  received  the 
same  energy  den''  _y  of  lar.fr  therapy,  thus,  five  dose 
levels,  namely,  1,2,  3,  4,  and  6  mJ  ca.i  were  utilized. 
The  remaining  group  of  rabbits  served  as  nor.-t  routed 
controls.  Or.  the  2 1st  p'.'  "  •  npe  rat  i  ve  day,  '-v,h  te:  !  n 
war  f?  v.r:  \  d  arvi  either  prc.r.'-sr.ed  for  t  •  :i  m  , louM.-py 

or  frozen  at  -70®C  in  O.Ovt  Nad  until  they  wore 
b  i  onechar. i c  i  1  ly  tested  on  an  Instron  device.  The 
modulating  effect  of  laser  therapy  wus  evident  ;n  the 
tendency  of  treated  tend  ju..  to  shrink,  to  sizer  that  we».« 
akin  to  there  of  intact  n^n -t  erv-t  on  s  zed  tendons.  Treated 


tendons  were  consistently  smaller  in  size  than  controls 
{?  <  .001).  Ipso  facto,  tendons  treated  at  each  dose 
level  developed  nearly  twice  the  tensile  stress  of 
control  tendons  (P  <  .001).  Ultimate  tensile  strength, 
energy  absorption  capacity  and  strain  did  not  differ 
between  treated  and  control  tendons  (P  >  .10)  and  no 
dose  dependent  effects  were  observed  in  the 
biomechanical  characteristics  of  treated  tendons. 
Electron  microscopy  revealed  that  unlike  control 
tendons,  the  fibroblasts  and  collagen  fibrils  of  laser 
treated  tendons  were  mostly  aligned  in  their 
longitudinal  axis.  These  findings  demonstrate  for  the 
first  time  that  laser  biost imulat ion  modulates  the 
ultrastructure  and  biomechanics  of  healing  tendons. 
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A  STUDY  OF  DENOVO  PROTEIN  SYNTHESIS  8Y  LASER  IRRADIATED 
HUMAN  NEUTROPHILS.  D.A.  Gonzalez^ .  J.  Hurtig^,  J.M.  Davidson^, 
C.K.  8roadley2,  R.L.  Hoover^,  R.h.  Ossoff1 . 

1  Dept,  of  Otolaryngology  and  2  Dept,  of  Pathology,  Vanderbilt 
University  Medical  Center,  Nashville.  TN 

There  is  growing  interest  in  the  biostimulating  effects  of  laser 
irradiation.  With  the  advent  of  laser  angioplasty  and  the  introduction  of 
techniques  for  laser  purificalion  of  banked  blood,  we  are  interested  in 
the  effects  of  sublethal  laser  energy  on  blood  cells,  particularly  those 
involved  in  inflammation.  The  purpose  of  this  investigation  was:  1)  to 
determine  whether  sublethal  NdiYAG  laser  irradiation  can  alter  the 
pattern  of  protein  synthesis  by  human  neutrophils  in  short-term  culture 
and  2)  whether  the  observed  changes  in  protein  synthesis  are  due  to 
nonspecific  thermal  mechanisms  or  to  specific  photochemical  events. 

Human  neutrophils  were  isolated  from  whole  blood,  maintained 
in  short-term  culture  and  exposed  to  either  heat  {42°  C  60  min)  or  to 
sublethal  continuous  NdiYAG  irradiation.  Sublethal  do?  .  defined  using 
a  dye  exclusion  viability  assay,  ranged  from  500-20..  joules/cm 2. 
After  laser  irradiation  or  heat  shock,  newly  synthesized  proteins  were 
labelled  in  vitro  with  ^S- methionine.  TCA  precipitation  of  proteins, 
polyacrylamide  gel  electrophoresis  and  autoradiography  were 
performed  in  order  to  detect  bands  of  newly  synthesized  proteins. 

Autoradiography  revealed  a  new  protein  band  with  a  molecular 
weight  of  40  kifodaftons  that  was  induced  by  laser  irradiation  but  net 
by  heat  shock.  Increased  synthesis  of  21  and  26  kilodalton  proteins 
was  also  noted  following  laser  irradiation  but  not  following  heat  shock. 
These  data  suggest  that  neutrophil  protein  synthesis  can  be  altered  by 
sublethal  Nd:YAG  irradiation  in  a  non-thermal  way.  Similar 
experiments  using  picosecond  pulsed  Nd:YAG  irradiation  are  under  way. 

Supported  in  part  by  the  SDIO  Office  of  Naval  Research  (R HO), 
by  the  Veterans  Administration,  Genentech,  Inc.,  and  NIH  grants  AG 
06528  and  GM  37387  (JMD)  and  NIH  grant  HL-36526  (RIH) 
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EVALUATION  OF  PULSATILE  LASER,  NON ♦ PULSATILE  LASER  AND 
RADIOFREQUENCY  GENERATED  THERMOPLASTY  FOR  PERCUTANEOUS 
TRANSPLEURAL  CERVICODORSAL  SYMPATHECTOMY. 

Malek  Massad,  Joseph  LoClcero  III,  Jun  Matano  and  Rodney 
Greene.  Northwestern  University,  Chicago,  IL. 

We  describe  a  new  technique  for  percutaneous  denervation 
of  the  cervicodorsal  sympathetic  chain  to  relieve  pain  due 
to  several  disease  processes  including  Raynaud's  syndrome, 
Buerger’s  disease,  palmar  hyperhidros is ,  frostbite  and 
sympathetic  dystrophy.  The  technique  involves  transpleural 
ablation  with  laser  under  thorascop*^  guidance  through  the 
second  intercostal  space - anter  lor  axillary  line.  Ue  com¬ 
pared  four  different  inodes  of  denervation:  excioer  laser, 
CO2  and  Nd:YAG  laser  and  rad Lof requency  generated  thermo¬ 
plasty  (RF,  Advanced  International  Systems  Inc.,  Irvin. 
Ca)  using  12  mongrel  dogs  (3  animals  each).  Criteria 
analyzed  included  duration  of  exposure,  power  and  total 
energy  input,  volume  and  morphology  of  destroyed  reuronal 
tissue,  and  Int ra - operat Lve  hemorrhage.  Total  ablation  of 
the  Inferior  segment  of  the  stellate  ganglion  and  the 
first  two  thoracic  dorsal  nerve  roots  by  excimer  laser 
required  a  total  energy  Input  of  6.3  Joules  for  a  cumula¬ 
tive  expos  re  of  180  seconds  (repetition  rate  70 
pulses/sec).  In  contrast,  ablation  of  the  same  volume  of 
tissue  by  RF  required  more  than  one  hundred  fold  that 
amount  of  energy  (810  Joules)  and  a  cumulat ive  exposure 


t^S5>c>cla,^lc»^  C&y  l»-  Q\x>\frryi^olo}n  ~  j^Cj ^ 

S^-s 

each  larynx  was  studied  under  50  different  conditions.  The  G.C.I.  and  true 
vocal  efficiency  were  then  calculated  for  each  combination  of  airflow  rate, 
width  and  tension.  Linear  regression  analysis  of  data  obtained  from  ten 
larynges  proved  G.C.I.  to  have  a  highly  statistically  significant  linear 
relationshipe  with  vocal  efficiency  (p<0.001,  R2=.95).  When  sound  intensity 
was  expressed  in  dB  rather  than  Watts/cm2,  the  competence  index  did  have  a 
statistically  significant  relationship  with  vocal  efficiency.  These  results 
confirm  that  G.C.I.  (expressed  in  Watts/cm2  f  cc/sec)  is  a  simple  clinical 
measure  for  assessing  vocal  efficiency  of  the  larynx. 


234  VOCAL  CORD  FIBROBLAST  ELASTIN  PRODUCTION  IN  TISSUE 
CULTURE.  *D . A .  Gonzalez1.  R.R.Nair3,  R.H.  Ossof f 1 , 

J.M.  Davidson2'  ,  Depts.  of  ’Otolaryngology  and  ^Pathology, 
Vanderbilt  Univ.  Medical  Ctr. ,  Nashville,  TN;  3V.A.  Medical  Ctr.  , 
Nashville,  TN  37232 

The  biomechanical  and  anatomical  properties  of  the  vocal  fold,  an  elastic  tissue, 
are  thought  to  influence  voice  production  in  man;  however,  there  is  little 
information  in  the  literature  concerning  the  biochemistry  of  connective  tissues 
within  the  vocal  cord.  A  series  of  experiments  was  performed  to  detect  and  quantify 
vocal  cord  fibroblast  elastin  production.  The  effect  of  mechanical  and  chemical 
stimuli  were  also  investigated  in  order  to  identify  potential  changes  in  elastogenesis. 

Cultures  of  adult  canine  vocal  cord  fibroblasts  were  established  by  explanting,  and 
an  enzyme  linked  immunosorbent  assay  was  used  to  quantify  the  soluble 
tropoelastin  (TE)  secreted  by  2nd-3rd  passage  cells  into  the  culture  medium.  Control 
cell  populations  were  found  to  synthesize  large  quantities  of  elastin  precursor, 
greater  than  115,000  molecules  TE/cell/hr.  Treatment  with  ascorbic  acid  suppressed 
TE  synthesis  whereas  treatment  with  hydrocortisone  (1.3  uM)  and  transforming 
growth  factor-B  (TGF-B,  lOng/ml)  led  to  significant  increases  in  TE  production  by 
28%  and  91%  respectively.  Cells  were  subjected  to  mechanical  stretch  in  order  to 
simulate  the  stimulus  of  vocal  fold  movement  during  phonation.  When  cells  were 
stretched  (5%,  0.5  Hz,  FlexercellR)  for  a  period  of  48  hours  they  synthesized  23% 
more  TE  than  the  stationary  controls.  Stretched  cells  pretreated  with  either 
hydrocortisone  or  TGF-B  also  demonstrated  further  significant  increases  in  TE 
production  (37%  and  29%  respectively)  noted  after  24  hrs  of  stretching  when 
compared  to  similarly  treated  stationary  controls. 

This  study  demonstrates  the  successful  isolation  and  culture  of  a  vocal  cord 
fibroblast  cell  strain,  and  will  provide  a  tool  for  further  study  of  the  extracellular 
matrix  components  that  may  be  responsible  for  the  biomechanical  properties  and 
functional  correlates  of  this  unique  structure.  We  report  the  discovery  that  vocal 
cord  fibroblasts  synthesize  significant  amounts  of  elastin.  The  finding  that  these 
cells  respond  to  hormonal  and  mechanical  stimuli  by  increasing  elastin  production 
may  have  clinical  implications  for  minimizing  loss  of  vocal  cord  elasticity  in  the 
injured  or  aging  larynx. 

Supported  in  part  by  the  Veterans  Administration,  Genentech,  Inc.,  and  NIH 
grants  AG  06528  and  GM  37387  (JMD)  and  the  SDIO  Office  of  Naval  Research  (RHO). 
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If  these  differences  in  PCA  function  exist,  they  can  be  used 
to  design  more  efficient  surgical  therapies  for  bilateral  vocal 
cord  paralysis.  Further  research  will  be  required  to  investigate 
the  regional  histochemical  differences  of  the  human  PCA,  as 
well  as  record  the  EMG  signal  in  different  regions  of  the 
muscle  during  various  laryngeal  movements. 

9:15  a.m. 

Excitation  Thresholds  for  Nerve-muscle  Pedicles:  A 
Preliminary  Report 

MICHAEL  BRONIATOWSKI,  MD, 

SHARON  GRUNDFEST-BRONIATOWSKI.  MD, 

CHARLES  R.  DAVIES,  BSE,  JERALD  C.  KASICK, 

GORDON  B.  JACOBS,  MSEE,  WJKIHIKO  NOSE,  MD,  PhD, 
and  HARVEY  M.  TUCKER,  MD,  Cleveland.  Ohio 

Ongoing  interest  in  the  rehabilitation  of  paralyzed  mus¬ 
culature  in  the  head  and  neck  has  focused  on  the  electronic 
stimulation  of  nerve-muscle  pedicles  (NMP)  that  have  been 
reimplanted  into  the  incapacitated  effector(s).  Despite  visual 
and  histochemical  evidence  of  reinnervation,  it  is  still  not 
known  whether  the  excitability  of  an  NMP  is  as  good  as  or 
better  than  reinnervated  or  normal  muscle.  Such  information 
is  necessary  for  the  eventual  construction  of  an  implantable 
stimulator. 

Six  rabbits  were  anesthetized  with  intramuscular  xylazine 
and  ketamine,  and  the  ansa  hypoglossi  was  cut  on  on  side. 
A  crossover  nerve-muscle  pedicle  was  brought  in  from  the 
opposite  sternothyroid  muscle  to  the  sternohyoid.  After  a 
minimum  neurotization  period  of  3  months,  the  animals  were 
re-explored.  An  electrical  stimulator,  capable  of  delivering 
square  wave  pulses  of  variable  amplitude  and  pulse  width, 
was  used  to  determine  the  threshold  of  contraction  of  the 
NMP,  an  intact  motor  nerve  of  similar  size,  the  reinnervated 
strap,  and  another  normal  muscle.  In  this  manner,  strength 
duration  curves  were  established  (Lapicque  L,  and  M.  Re- 
cherches  sur  la  loi  d 'excitation  electrique.  J  Physiol  Path  Gen 
1903;5:843-58). 

The  data  indicate  that  (1)  thresholds  for  NMP  fall  between 
that  of  normal  nerve  and  muscle,  and  (2)  reinnervated  muscle 
was  sometimes  hyperexcitable,  with  a  threshold  below  that 
of  a  normal  nerve. 

(Supported  by  RPC  grant  2010  from  the  Cleveland  Clinic 
Foundation) 

9:30  to  10:15  a.m. 

Posters  (Session  C) 

See  pages  157  to  163 

10:15  a.m. 

Soft  Tissue  Effects  of  the  Holmlum-YSGG  Laser  In  ttie 
Canine  Trachea 

S  M.  SHAPSHAY.  MD.  S.E.  SETZER,  BS.  J.G.  MANNI,  MS.  ana 
H.T,  ARETZ.  MD.  Burlington  and  Concord.  Mass. 

Difficulties  with  fiber  transmission  and  excessive  tissue 
trauma  associated  with  both  CO.,  and  Nd-YAG  laser  wave¬ 


lengths,  respectively,  has  prompted  investigation  of  the 
Holmium-YSGG  laser  for  tracheobronchial  endoscopy.  The 
Holmium-YSGG  laser  is  a  pulsed,  flash  lamp-generated  crys¬ 
talline  laser  with  a  2.1  micron  wavelength  in  the  near  inhe¬ 
red  spectrum  transmissable  through  flexible  quartz  fibers.  Us¬ 
ing  a  live  canine  tracheobronchial  model  for  precise  tissue 
ablation,  the  acute  1-  and  2-week  healing  effects  were  studied 
using  light  microscopy  (hematoxylin  and  cosin  stain)  and 
scanning  electron  microscopy.  Laser  parameters  were  400  mJ 
and  600  mJ  at  2  Hz  using  an  unfocused  300  micron  quartz 
fiber.  Better  control  of  laser  ablation  with  no  cartilaginous 
damage  or  perforation  was  noted,  as  compared  to  both  con¬ 
tinuous  wave  C02  and  Nd-YAG  laser. 

Healing  was  somewhat  slower  than  with  the  C02  laser; 
however,  there  was  less  granulation  and  fibrinous  debris.  Fur¬ 
ther  studies  are  planned  to  determine  ideal  laser  dosimetry 
for  tissue  ablation  and  healing  prior  to  clinical  applications. 

10:30  a.m. 

Comparison  of  Wound  Healing  with  C02  “Superpulse” 
and  Erblum-YAG  Lasers 

C.W.  PARHAM,  BS,  S.M.  SHAPSHAY,  MD.  G.  PERETT1,  MD, 

H.T.  ARETZ,  MD,  ana  S.E.  SETZER,  BS,  Burlington,  Mass. 

Continuous  wave  C02  laser  (10.6  microns)  created  wounds 
have  been  somewhat  slower  to  heal  than  scalpel  incisions 
caused  by  associated  thermal  effects.  In  an  attempt  to  improve 
precision  and  diminish  soft  tissue  trauma,  a  pulsed  Erbium- 
YAG  laser  was  compared  to  a  “Superpulscd"  CO,  laser  in  a 
series  of  16  rats  to  ablate  and  incise  skin.  The  Erbium- YAG 
laser  is  a  pulsed  flash  lamp  generated  crystalline  laser  with  a 
2.9  micron  wavelength  with  greater  water  absorption  than  the 
C02  laser,  theoretically  making  it  more  precise  for  tissue 
incision  and  ablation.  Laser  parameters  were  250  mW  at 
4  Hz  for  the  Erbium- YAG  and  4.5  W  at  90  to  1 10  Hz  for  the 
COz  laser.  Acute,  48-hour,  1-,  2-,  and  3-week  specimens  were 
evaluated  with  light  and  scanning  electron  microscopy.  Less 
tissue  trauma  (50  to  75  microns)  without  debris  or  necrosis 
and  better  healing  was  associated  with  the  Erbium-YAG  laser. 

10:45  a.m. 

An  Investigation  of  the  Potential  for  Laser 
Nerve  Welding 

M.  KORFF,  MD,  D.L.  ZEALEAR,  PhD,  M.  SCHWABER.  MD.  and 
R.H.  OSSOFF,  DMD.  MD,  Nashville,  Term. 

Suture  repair  of  a  severed  nerve  is  cumbersome,  presents 
a  focus  for  infection  and  neuroma  formation,  and  does  not 
always  produce  adequate  stump  alignment.  An  alternative 
method  of  nerve  repair  involves  the  use  of  the  laser  to  effect 
epincural  welding.  In  the  present  study,  two  factors  were 
investigated  to  elucidate  the  potential  of  the  laser  in  nerve 
anastomosis:  first,  the  initial  strength  of  the  bond  created,  and 
second,  the  long-term  damage  inflicted  on  the  nerve  by  the 
laser. 

Experiments  were  performed  to  determine  the  appropt.ate 
laser  energy  using  the  I.asersco|X‘  KTP/532  and  Sharplan 
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1060  COj  lasers  on  intact  rat  sciatic  nerves.  Significant  dam¬ 
age  was  detected  with  both  lasers  at  1.6  watts,  as  shown  by 
decreases  in  the  nerve  compound  action  potential  (CAP). 
Thirty  pulses  of  0.05-second  duration  were  used  to  approx¬ 
imate  the  type  of  exposure  required  for  effective  epineural 
welding.  At  energies  less  than  or  equal  to  1  watt,  acute  dam¬ 
age  was  minimal.  However,  significant  CAP  decreases  were 
observed  1  week  postoperatively  in  these  animals.  This  effect 
was  most  likely  caused  by  nerve  entrapment,  since  epineural 
shrinkage  was  noted  during  the  initial  laser  irradiation.  In 
subsequent  studies,  this  problem  was  alleviated  by  limiting 
circumferential  exposure  to  180  degrees.  The  axonal  damage 
and  epineural  effects  created  by  the  KTP/532  laser  were  more 
variable  than  those  observed  with  the  C02  laser,  making  the 
C02  a  safer  laser  for  nerve  welding. 

The  low  breaking  force  generated  by  the  laser  anastomosis 
using  1-watt  pulses  indicated  that  a  larger  surface  area  of 
adhesion  was  necessary.  A  layer  of  subcutaneous  tissue  was 
wrapped  around  the  apposed  sciatic  nerve  ends  and  laser 
welded  to  the  epineurium  a  few  millimeters  back  from  the 
anastomotic  site  using  the  C02  laser.  This  produced  a  higher 
breaking  strength  than  with  epineural  welding  alone.  The  laser 
irradiation  was  performed  around  180°  to  maintain  adequate 
stump  alignment  while  allowing  for  nerve  swelling.  Chronic 
studies  are  under  way  to  determine  the  quality  of  regeneration 
of  subcutaneous  tissue  wrapped  and  laser  anastomosed  nerves 
as  compared  to  suture  anastomosed  nerves. 

11:00  a.m. 

Effects  of  Cyclosporin  A  on  Axonal  Regeneration 
Through  Frozen  Peripheral  Nerve  Allografts 

RICHARD  P.  WIKHOLM.  MD,  YASUHIRO  TORIGOE,  PhD. 

THANH  HO.  BS.  ALISHA  WHITE.  BS.  and  ROBERT  H.l.  BLANKS.  PhD, 
Irvine.  Calif. 

A  rat  sciatic  nerve  model  incorporating  both  functional  and 
anatomic  evaluation  techniques  was  used  to  evaluate  the  ef¬ 
fects  of  the  immunosuppressant  cyclosporin  A  (CYA)  on 
nerve  regeneration  through  frozen  peripheral  nerve  allografts. 
Three  groups  of  animals  were  evaluated:  (1)  those  with  fresh 
isografts  (controls);  (2)  those  with  frozen  allografts  without 
CYA;  and  (3)  those  with  frozen  allografts  with  CYA. 

Female  Brown  Norway  (BW)  and  Lewis  (LE)  rats,  which 
differ  in  both  their  major  and  minor  histocompatability  an¬ 
tigens,  were  used  as  donors  or  host  in  a  random  fashion. 
Donor,  4-cm  sciatic  nerve  grafts  were  frozen  for  2  weeks  at 
-  T  C  in  a  solution  of  87.5%  Duibecco’s  Modified  Eagles 
medium,  10%  heat-inactivated  horse  serum,  and  2.5% 
chicken  embryo  extract.  Grafting  was  performed  in  all  ani¬ 
mals  with  a  conventional  epineural  suture  technique  and  the 
animals  were  maintained  on  daily  intrapcntoncai  injections 
of  CYA  (8  mg/kc  'day)  postoperatively  until  they  were  killed. 
Functional  recovery  was  evaluated  quantitatively  using  a 
method  based  on  measures  of  the  rats’  walking  tracks.  One 
hundred  days  after  grafting,  three  levels  (proximal  and  middle 
parts  of  the  graft;  a  part  distal  to  the  graft)  of  the  nerves  were 
fixed,  stained  for  myelin  with  osmium  tetroxidc,  sectioned. 


and  counterstained.  Axonal  diame'ers  and  counts  were  per¬ 
formed  at  the  above  three  levels. 

The  results  of  functional  testing  failed  to  reveal  any  statis¬ 
tical  differences  between  any  of  the  three  groups.  Our  ana¬ 
tomic  results  show  that  there  is  axonal  regeneration  through 
frozen  peripheral  nerve  allografts  in  all  groups.  The  use  of 
CYA  more  than  doubles  the  number  of  axons  crossing  the 
graft,  and  allows  the  total  number  of  regenerating  axons  to 
approach  that  seen  in  fresh  isografts.  The  axon  diameters  were 
significantly  decreased  when  compared  to  normal  control 
sciatic  nerves.  Further  work  investigating  the  effects  of  dis¬ 
continuing  CYA,  frozen  allografts  in  higher  animals,  and  neu¬ 
rotropic  effects  of  the  distal  nerve  is  planned  before  the  use 
of  allografts  in  the  clinical  setting. 

11:15  a.m. 

The  Application  of  Finite  Element  Methods  to  the 
Study  of  Airflow  In  the  Anterior  Nasal  Cavity 

M.  TARABICHI,  MD.  and  N.  FANOUS.  MD.  Montreal.  Canada 
(2nd  Place — Resident  Clinical  Science  Award) 

The  management  of  anterior  nasal  obstruction  and  collapse 
is  one  of  the  most  challenging  problems  in  nasal  surgery.  The 
complexity  of  the  segment’s  anatomy  and  a  poorly  understood 
pattern  of  airflow  have  resulted  in  ill-conceived  surgical  ap¬ 
proaches.  Finite  element  analysis  of  airflow  has  long  been 
used  in  aeronautics  to  study  flow  patterns.  We  digitized  the 
outline  of  the  nasal  cavity  from  images  obtained  after  applying 
contrast  material  to  the  nasal  cavity  in  two  volunteers  and  by 
reviewing  CTs  of  six  patients.  A  computer-aided  simulation 
of  flow  was  undertaken  in  the  sagittal  plane  in  the  anterior 
nasal  cavity.  A  critical  review  of  previous  work  on  the  nasal 
valve  was  undertaken  because  of  the  wide  controversy  in  the 
literature.  Our  results  showed  that  the  nasal  valve  is  an  oblique 
structure  bound  laterally  by  the  anterior  end  of  the  upper 
lateral  cartilage,  medially  by  the  septum,  and  inferiorly  by 
the  rim  of  the  piriform  aperture.  W'e  found  that  this  rim  pro¬ 
jecting  from  the  floor  of  the  nose  produces  an  uneven  distri¬ 
bution  of  airflow  through  the  valve,  with  most  of  the  flow 
occurring  in  the  distal  segment.  We  also  found  that  removal 
of  this  rim  would  result  in  a  better  distribution  of  flow  across 
the  valve,  producing  a  20  to  25  percentile  increase  in  flow. 

11:30  a.m. 

Effect  of  Klebsiella  Ozenae  on  Ciliary  Activity 
In  Vitro:  Implications  In  the  Pathogenesis  of 
Atrophic  Rhinitis 

JONATHAN  L.  FERGUSON.  MD. 

THOMAS  V.  MCCAFFREY.  MD.  PhD.  EUGENE  B.  KEPN.  MD.  and 
WILLIAM  J.  MARTIN  II,  MD,  Rochester.  Minn. 

(1st  Place — Resident  Clm  cal  Science  Award) 

Klebsiella  ozenae  is  a  gram-negative  rod  that  has  been 
isolated  with  relative  frequency  from  patients  with  atrophic 
rhinitis  (AR).  The  relationship  of  this  bacterium  to  the  patho¬ 
genesis  of  AR  is  not  understood,  and  whether  it  is  simply  an 
opportunistic  colonizer  of  the  injured  nose  or  the  ctiologic 
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11:00  a.m. 

Investigation  of  the  Wavelength  Dependence  of 
Laser  Induced  Bacterlostasls 

JERRI  A.  TRIBBLE.  MS.  JOHN  A  KOZUB,  BS, 

GLENN  S.  EDWARDS,  PhD,  AL  ALY,  MD.  and 
ROBERT  H.  OSSOFF,  MD,  Nashville,  Tenn, 

The  wealth  of  literature  recently  addressing  the  question 
of  which  medical  lasers  are  best  for  affecting  particular  bi¬ 
ologic  responses  has  prompted  us  to  develop  a  method  to 
study  wavelength  dependence  of  laser-induced  biologic  ef¬ 
fects.  The  first  step  in  this  investigation  was  to  measure  the 
absorption  spectra  of  living  cells.  By  suspending  the  cells  in 
a  medium  that  matched  their  refractive  index,  the  dominant 
scattering  background  was  significantly  reduced.  Limiting  this 
background  revealed  underlying  absorption  peaks  that  were 
characteristic  of  this  cell  type,  providing  a  spectral  window 
to  which  a  laser  could  be  tuned  for  optimal  effect.  Our  model 
bacteria,  Escherichia  coli  Cla,  was  observed  to  have  a  strong 
absorption  peak  near  268  nm,  and  weaker  maxima  near  350 
nm  and  426  nm.  We  found  that  maximal  laser-induced  cell 
death  occurred  when  the  laser  was  tuned  to  wavelengths  cor¬ 
responding  .o  peaks  within  the  bacteria’s  spectral  fingerprint. 
The  laser  used  for  this  study  was  an  Nd:  Yag  pumped  tunable 
dye  laser  delivering  nanosecond  pulses,  tunable  over  the  UV- 
visible  range. 

This  two-phase  study  has  since  been  extended  to  another 
Enterobacteriaceae,  Serralia  marcescens  Nima,  which  has 
shown  strong  absorption  peaks  at  268  nm  and  538  nm,  with 
weaker  absorption  features  near  390  nm  and  5 1 0  r.  ..in  agree¬ 
ment  with  the  literature.  Laser  experiments  with  this  bacteria 
are  underway.  While  this  investigation  represents  a  model 
study  of  correlations  between  absorption  characteristics  of 
living  cells  and  wavelength-dependent  laser-induced  biologic 
effects,  it  also  has  significant  clinical  implications  for  a  novel 
approach  to  bactcriostasis. 

(Supported  by  the  Strategic  Defense  Initiative  Organization 
program  for  free  electron  laser  research) 

1145  A.M. 

Correlation  Between  Histology  and  Nerve  Excitability 
After  Reinnervation  of  Paralyzed  Trapezius  Muscles  in 
the  Rabbit 

MICHAEL  BRONIATOWSKI,  MD. 

SHARON  GRUNDFEST-BRONIATOWSKI.  MD. 

SAMUEL  M.  CHOU.  MD.  YUKIHIKO  NOSE.  MD.  PhD.  and 
HARVEY  M.  TUCKER.  MD,  Cleveland,  Ohio 

The  authors  have  recently  shown  that  the  mean  muscle 
chronaxie  for  nerve  pedicle  implanted  into  denervated  rabbit 
trapezius  muscles  is  comparable  to  that  of  normal  nerve.  This 
study  correlates  excitability  with  histologic  characteristics  of 
muscles  reinnervated  via  nerve-muscle  pedicles  (NMP)  and 
direct  nerve  implants  (DNI). 

Strength  duration  curves  were  measured  in  13  rabbits  3.5 
to  5  months  after  reinnervation  by  NMP  (N  -  6)  and  DNI 
(N  -  1).  Following  this,  control  (N  --  5)  and  reinnervated 
trapezius  muscles  were  harvested  immediately  before  the 


animals  were  killed  and  frozen  in  liquid  nitrogen.  The  material 
was  submitted  for  hematoxylin  and  eosin  for  general  mor¬ 
phology,  myofibrillar  ATPase  for  fiber  typing,  esterase  for 
determination  of  denervated  fibers,  and  trichrome  stains  for 
cytoplasmic  inclusions. 

In  all  of  the  animals  that  had  low  chronaxie,  satisfactory 
type  grouping  was  noted  (N  =  10).  By  contrast,  the  three 
animals  in  which  chronaxie  was  abnormally  elevated  dem¬ 
onstrated  fibrosis,  infection,  and  an  absence  of  or  pobr  type 
grouping. 

This  suggests  that  type  grouping  is  necessary  for  excit¬ 
ability  after  reinnervation  of  paralyzed  striated  muscles. 

(Supported  by  Cleveland  Clinic  RPC  grant  no.  2010) 

11:30  a.m. 

Baseline  Motility  of  the  Free  Jejunal  Graft  in  a  New 
Canine  Model 

NATAN  SCHER.  MD,  JAME  R.  GARZA  MD,  DDS, 

BRUCE  H.  HAUGHEY,  MB.  and  MICHAEL  L.  WIEDERHOLD.  PhD. 
San  Antonio  Texas,  and  St.  Louis.  Mo. 

Reconstruction  of  pharyngoesophageal  defects  with  free 
jejunal  grafts  has  become  an  accepted  technique  of  recon¬ 
struction.  Ideally,  the  jejunal  graft  should  allow  a  smooth, 
rapid,  and  unimpeded  passage  of  a  bolus  of  food. 

However,  functional  problems  are  associated  with  the  je¬ 
junal  graft.  Uncoordinated  motility  in  these  grafts  often 
impedes  the  patient’s  swallowing  function.  This  seems  to  be 
because  of  a  continued  unmodulated  peristalsis  initiated  and 
propagated  by  intrinsic  intramural  neuroplexi,  independent  of 
extrinsic  innervation.  The  ability  to  study  the  grafted  jejunum 
and  characterize  qualitatively  and  quantitatively  its  intrinsic 
motility  as  described  by  various  authors  has  proved  to  be 
difficult. 

We  developed  a  canine  model  that  allows  us  easy  access 
to  perform  various  studies  on  grafted  jejunum,  including 
video- fluoroscopy  and  pressure  manometry  to  determine  base¬ 
line  function,  excluding  the  effect  of  gravity  on  bolus  trans¬ 
port.  Using  microvascular  technique,  free  jejunal  grafts  10  to 
30  cm  in  length  were  in,  .  nted  in  11  mongrel  dogs.  The 
jejunal  segments  were  implanted  subcutaneously  and  exter¬ 
iorized  proximally  and  distally. 

The  grafted  dogs  underwent  video-fiuoroscopic  studies  us¬ 
ing  barium  paste.  These  studies  revealed  three  different  types 
of  jejunal  graft  contractions,  all  of  variable  intensity:  (I) 
uniforcal  circumferential  contractions,  (2)  multifocal  circum¬ 
ferential  contractions,  and  (3)  to-and-fro  longitudinal  con¬ 
tractions.  These  contractions  resulted  in  four  patterns  of  bar¬ 
ium  movement:  D)  fast  isoperistaltic  propulsion;  (2)  slow 
isoperistaltic  propulsion;  (3)  no  propulsion,  in  spite  of  cir¬ 
cumferential  or  longitudinal  contraction;  and  (4)  retrograde 
propulsion. 

The  video  fluoroscopic  studier  were  then  repeated  on  five 
dogs  after  an  intravenous  injection  of  metoclapromide  (Re¬ 
plan),  which  caused  significant  short-term  enhancement  of 
intensity  of  the  basic  jejunal  contractions  and  barium  pro¬ 
pulsion. 
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New  advances  in  instrumentation  have  facilitated  the  development  of  a  second  gen¬ 
eration  carbon  dioxide  (CO,)  laser  microspot  micromanipulator.  The  710  Acuspot  has 
unique  advantages  over  the  previous  generation  of  microspots.  The  compact  design 
is  easier  to  handle  and  has  attachment  points  for  sterile  draping.  The  unit  produces  a 
spot  size  of  250  microns  at  a  400-mm  focal  length  and  160  microns  at  250  mm:  the 
maximum  de-focus  is  3.2  mm  at  all  focal  lengths.  An  innovative  dichroic  mirror  allows 
use  of  the  laser  unit's  own  HeNe  laser  as  the  aiming  beam,  eliminating  possible  aiming 
error  introduced  with  a  virtual  image-aiming  system.  The  dichroic  mirror  also  allows 
better  light  transmission,  resulting  in  a  brighter  field  of  view.  As  with  first  generation 
microspots,  the  laser  beam  path  is  coincident  with  the  microscope  optical  path,  elim¬ 
inating  parallax;  this  feature  has  been  especially  advantageous  in  pediatric  and  oto¬ 
logic  cases  Having  used  this  unit  for  6  months  on  more  than  50  patients,  we  now 
consider  the  use  of  a  microspot  to  be  our  delivery  system  of  choice  for  most  micro- 
laryngeal  laser  surgical  applications.  (OTOia^ngol  heap  neck  surg  iwi.105  ^ii  j 


The  number  ol  potential  surgical  applications  tor  the 
carbon  dioxide  laser  is  increasing  d;nl > .  Since  Jako's 
first  report1  of  the  use  of  the  carbon  dioxide  laser  for 
endoscopic  laryngeal  microsurgery  in  1970.  indications 
for  the  use  of  the  CO-  laser  have  expanded  to  the  point 
that  it  is  now  the  surgical  instrument  of  choice  tor 
several  varied  microlarxngeal  operative  procedures  In 
addition,  use  of  the  carbon  dioxide  laser  has  also  been 
found  to  be  beneficial  for  cutaneous  and  otologic  ap¬ 
plications. 

The  early  C’():  micromanipulators  had  a  minimum 
spot  size  of  approximately  800  microns,  which  was 
adequate  tor  most  laser  surgical  procedures.  As  tech¬ 
nology  and  the  thermal  el  feels  of  laser  applications  have 
become  better  understood,  the  desirability  of  using  a 
smaller  spot  size  for  laser  tissue  interaction  has  become 
evident.  Shapshay  et  al  . '  '  presented  the  first  generation 
microspot  micromanipulalor  in  1987  and  reported  clin¬ 
ical  results  in  1988.  This  micromanipulator  was  the  first 


f  rom  (he  Ucpanmcni  of  Otolaryngology  (brs  Ossolf  and  Work 
haven).  Vandcrbill  University  Medical  Center,  and  Sharplan  La 
sers.  Ine  (Mr  Kail  and  Mr  Abraham) 

Prcscnlcd  al  the  Annual  Meeting  of  ihc  Amcncan  Academy  of 
Otolaryngology -Head  and  Neck  Surgery,  San  Diego.  Calif.,  Sept 
9-13.  1990. 
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to  provide  an  approximately  ?(K)-micron  spot  si/e  at 
400-mm  focal  length,  and  greatly  expanded  the  appli¬ 
cations  of  endoscopic  laser  surgery 

Newer  advances  in  instrumentation  and  optics  have 
allowed  the  development  of  the  second  generation  CO- 
laser  microspot  micromanipulator.  The  design  and  ca¬ 
pabilities  of  this  microspot  manipulator  are  presented 
as  well  as  clinical  examples  ot  its  use. 

METHODS  AND  MATERIAL 

The  710  Acuspot  (Sharplan  Lasers.  Inc  .  Allendale. 
N.J.)  is  a  second  generation  CO  microspoi  microma¬ 
nipulator.  designed  to  couple  to  existing  Sharplan  ar 
ticulated  arms  and  to  fit  standard  operating  micto- 
scopes.  It  uses  the  standard  joystick  hand  control  and 
hand  rest  (  big.  I ). 

The  technologic  advances  in  the  development  of  this 
microspot  are  related  to  its  compact  design  and  its  abil¬ 
ity  to  deliver  a  very  small  spot  si/e — 250  microns  at 
400-mm  focal  length  and  160  microns  at  a  focal  length 
of  250  mm  This  is  one-third  the  spot  size  available 
fiom  the  older  generation  micromanipulators  and  an 
approximately  20r/f  improvement  over  the  first  gener¬ 
ation  microspot  micromanipulators  (300  microns  spot 
size).-’ 

Similar  to  most  microspoi  micromanipulators,  use  of 
this  unit  allows  direct  visualization  of  the  surgical  tar¬ 
get.  The  parallax  problem  previously  encountered  when 
the  CO,  mirror  w'as  offset  mounted  from  the  optical 
beam  path  has  been  eliminated  by  use  of  a  see-through 
("hot”)  steering  mirror,  which  uses  a  dichroic  coating 
to  allow  reflection  of  the  CO-  beam  while  permitting 
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the  visible  i ep mil  ol  [lie  upiK.il  speed um  is  appioxt- 
mutely  75'r  I  his  dichroic  coaime  mi  the  steenne  mir- 
nir  t vie 1 1 1 Kites  use  o!  ihe  laser  s  helium  neon  ainnne 
beam,  instead  ol  lome  a  viriual  ima;je  aiminu  svsiem; 
this  (lesion  keeps  ihe  aniline  beam  coincident  with  the 
laser  beam  at  all  times.  Potential  problems  with  v  irtual 
iniaye-amnne  systems  were  frequent  I  v  encountered 
when  the  arm  assembly  was  manipulated  durinp  the 
procedure:  it  th>-  arm  assembly  was  not  optically  per¬ 
fect,  misalignment  of  the  CO:  beam  from  the  previously 
aliened  v  irtual  imaee-aimine  system  occurred. 


ACUSPOT™ 


In  addition .  the  mictospm  mistomampulatoi  uses  a 
continuously  v amble  dcbvus  tine  that  allows  the  beam 
to  be  dclocuscd  to  a  maxinnim  diameter  ot  3  2  mm 
Irom  all  local  leneths.  in  an  mtmiie  i.iiiec  ol  steps 
An  c  sternal  lockine  rite’  on  the  front  ol  this  micro¬ 
manipulator  allows  the  placement  of  sterile  drapes  foi 
use  m  otolomc  sureery  With  previous  units,  it  has  been 
difficult  to  maintain  steiility  within  the  operative  field 

CLINICAL  APPLICATIONS  AND  EXAMPLES 

We  have  used  this  unit  for  approximately  6  months 
on  more  than  50  patients  w  ith  larynecal  patholouy.  in- 


eluding  u\ linen!  respiratory  papillomatosis,  subglottic 
stenosis  i  hmh  neonatal  and  adult),  anterior  and  posterior 
glottic  webbing.  vocal  cord  polyposis,  vocal  cord  cysts, 
carcinoma  in  situ,  and  T,  vocal  cord  carcinoma  local¬ 
ized  to  the  tmdcordal  ice  ion  of  the  vocal  lold.  In  ad¬ 
dition.  we  have  found  this  unit  to  he  especially  helpful 
in  applications  in  neonates,  when  a  very  small  spot  si/e 
is  desirable  and  ■’  laser  beam  that  is  coincident  with  the 
optical  path  is  absolutely  necessary  to  facilitate  laser 
exposure  through  a  small  laryngoscope  and/or  neonatal 
>r  pediatric  microsubglottiscope  (Fig.  2). 

Laryngeal  Papillomatosis 

Iwelve  patients  with  recurrent  respiratory  papillo¬ 
matosis  requiring  repeated  endoscopic  excisions  at  4- 
to  12-week  intervals  have  been  managed  using  this  new 
micromanipulator.  The  microspot  is  used  in  the  delo- 
cused  mode  to  dehulk  papilloma.  Then,  the  loeused 
250-micron  spot  si/c  is  used  to  excise  papilloma  trom 
anatomically  sensitive  areas,  such  as  the  anterior 
and/or  posterior  commissure,  both  of  which  arc  sus¬ 
ceptible  to  web  formation.  In  addition,  the  microspot, 
when  used  with  a  subglottiscopc.  has  facilitated  good 
exposure  of  the  subglottis  for  removal  of  papilloma  in 
this  region. 

Subglottic  Stenosis 

Both  adult  and  neonatal  subglottic  stenoses  have  been 
managed  with  the  microspot  using  microtrapdoor  (lap 


techniques4'  and  or  t.tdtal  incision  and  dilation.'  The 
limited  thermal  cite  ct  on  so  it  tissue  punluccd  by  the 
small  spot  size  has  lucilitated  our  ability  to  develop 
improved,  more  precise  microtrapdoor  (laps  with  pres¬ 
ervation  of  overlying  mucosa  Severn )  patients  with 
subglottic  stenosis  have  been  managed  using  this  tech 
nique  without  needing  to  undergo  a  tracheotomy:  the 
predictable  diminished  thermal  effect  and  reduced 
edema  associated  with  the  use  ot  this  small  spot  size 
has  helped  minimize  the  risk  ot  airway  obstruction 

\ke  also  have  used  the  microspot  lor  vaporiza¬ 
tion  ablation  ot  subglottic  hemangioma  Here,  vve  use 
the  microspot  in  a  slightly  detocuscd  mode,  however, 
that  more  nearly  approximates  the  XOO-mtcron  spot  size 
of  standard  micromanipulators  Our  technique  lot  hem¬ 
angioma  uses  a  slightly  longer  pulse  structure  ton  the 
order  of  0.2  to  0..>  seconds i  w  allow  thermal  diffusion 
and  coagulation  into  tissue  before  vaporization  is  pei- 
formed. 

Anterior  and  Posterior  Glottic  Webbing 

Both  anterior  and  posterior  glottic  webbing  have  been 
managed  by  use  of  the  nucrospot  micromanipulator  m 
u  number  ot  patients.  This  procedure  is  performed  using 
a  microtrapdoor  flap  In  posteitor  glottic  webbing,  a 
vertically  oriented  flap  of  mucosa  is  developed  while 
the  scar  tissue  deep  to  the  mucosa  is  vaporized.  Again, 
the  small  spot  size  has  proved  to  be  advantageous  in 
permitting  the  development  of  very  thin  llaps  In  pa- 
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naltng  unlace  on  one  true  told  and  minimizes  the  re 
development  ol  a  teeurrent  anterior  glottic  web.  which 
is  often  seen  alter  laser  excision  oi  vaporization  of  the 
web 

Vocal  Cord  Polyposis 

Vocal  cord  polyposis  has  traditionally  been  treated 
by  either  voeal  cord  stripping.  Hirano’s  incision  and 
enucleation  techmt|ue.  or  a  moditication  ol  Hirano's 
technique  using  the  CO;  laser  tor  incision  and  ablation 
ot  the  polypoid  stionia.  '  While  previous  studies  have 
shown  that  Hirano's  method  demonstrated  more  rapid 
return  ot  functional  voice  use.  the  miciospot  technique 
has  the  advantage  ot  better  hemostasis,  allowing  better 
and  more  complete  visualization  ot  the  polypoid  stroma 
before  enucleation.''  We  have  used  this  microspot  on 
several  adult  patients  and  have  been  gratified  by  the 
clinical  results  obtained  in  these  cases. 

Vocal  Cord  Cysts 

Vocal  cord  cysts  are  otten  diagnosed  on  videostro¬ 
boscopy.  but  sometimes  are  encountered  during  direct 
laryngoscopy  lor  diagnosis  ot  voeal  dysfunction.  A 
knife  incision  or  the  superior-lateral  sur  face  of  the  vocal 
cord  usually  gives  good  exposure  for  enucleation  of  the 
cysts.  Standard  micromanipulators  have  a  spot  si/e  too 
large  to  allow  a  precise  incision,  but  we  have  found  the 
microspot  set  to  its  small  focused  spot  si/e  to  Ik-  ade¬ 
quate  for  incision  of  the  superior  surface  of  the  voeal 
fold  with  excellent  hemostasis,  allowing  good  visual¬ 
ization  of  the  underlying  vocai  (old  cy  sts  The  precision 
associated  with  use  of  the  focused  beam  (250  microns) 
ol  the  microspot,  along  with  the  accompanying  increase 
in  hemostasis,  greatly  facilitates  the  performance  ol  this 
procedure,  compared  to  using  conventional  microla- 
ryngeal  instruments. . 

Carcinoma  In  Situ  and  T,  Squamous 
Cell  Carcinoma 

Both  carcinoma  in  situ  and  small  nndcordul  T,  lesions 
ot  the  true  vocal  cord  have  been  excised  using  the 
microspot  The  minimal  thermal  ef  fect  surrounding  the 
incision  makes  histologic  interpretation  of  the  margins 


CONCLUSIONS 

In  summarv .  wc  have  louiui  the  sccmid  iviieratiot, 
mwiospot.  with  the  smallci  spot  sizes  ot  25<i  microns 
.  :  itlil  mm  and  I r >' *  imeions  2'<)  mm.  (<>  be  a  sic 
nificant  ciinu.il  advantage  in  the  1 1v.1t  1  m- lit  ol  manv 
benign  and  malignant  l.uyngcai  diseases.  1  lie  combines! 
advantages  ot  a  smaller  spot  m/c  vvuh  the  associated 
limited  thermal  ctlects  on  tissue  and  a  laser  beam  path 
coincident  with  the  optical  beam  path  represent  signif¬ 
icant  advance  in  the  field  ot  operative  miciolarv  ngos- 
copy.  making  the  (  ()  laser  microspot  manipulator  out 
delivery  svstem  ol  choice  ioi  endoscopic  larvngcal 
surgety . 
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In  Maiman’  introduced  tin*  principle  o:  the  l.-.sei  flight  amplification 

by  stimulated  emission  of  radiation)  Lasers  are  actually  devices  that  emit 
electromagnetic  radiation  Laser-emitted  light  is  unique  in  that  it  is  coher¬ 
ent.  collimated,  monochromatic  light  that  allows  one  to  intensely  conceit 
tTate  energy  over  a  relatively  small  area  The  concentration  o:  electromag¬ 
netic  energy  produced  by  the  parallel  bundles  of  light  of  the  laser  cannot 
be  reached  with  a  nonlaser  light  source 
Tire  carbon  dioxide  lase:  neodvmium-yttnum  aluminum-garnet  -.Nd 
YAG'.  argon,  and  argon  dye  ate  the  lasers  presently  being  used  in  otolar 
yngologv-head  and  neck  surgery  The  difference  between  these  lewis  is 
their  wavelength  and  then  effect  on  tissues  I  he  relationship  between  the 
wavelength  of  the  laser  and  the  tissue  effect  determines  the  applications  of 
each  laser  as  a  tool  in  otolaryngology-head  and  neck  surgery 


Carbon  Dioxide  Laser 

The  carbon  dioxide  (CO_>)  lasei  has  a  wavelength  of  10  b  p  which  is  in 
the  mid  infrared  spectrum  The  beam  is  invisible  to  the  human  eye  and  is 
coupled  with  a  coincident  helium-neon  laser  so  the  beam  can  be  visual 
ized  The  majority  of  the  CO2  laser  energy  is  absorbed  by  biologic  tissues, 
with  some  being  reflected.  Upon  contact  with  tissue,  an  initial  tissue  tem¬ 
perature  elevation  occurs  followed  by  tissue  vaporization  and  crater  for¬ 
mation  (Fig  l).2^  The  laser  energy  is  principally  absorbed  by  water.  There 
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ADULT  SUBULOTTISCOPL  FOR  LASFR  Si  KcR  jO 


Kol-.i  i. i  11.  0-M)ii.  HMD.  Ml)  Jami>.\.  1)i  \i  v.  u.i  .  Ml) 
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A  siih^lottiscopr  ;t»r  hm-  hi  adult  incn  and  woinvn  U-fn  tit *v <■!< 'pt-d  tor  mien »l.iry:n£ral  Ium-:  op*  i.n  m  thr  '*!« !>•»!«»♦  in  -  rcnion  ot  tlx- 
larynx.  The  tip  has  boon  designed  to  facilitate  exposure  of  the  subglottis  and  upper  trachea  in  both  >ho:r-n<-ckcd  arid  long-necked  in¬ 
dividuals.  A  smoke  evacuation  channel  has  been  included,  as  ha'*  a  nonreflective  finish.  !•  inally.  a  j)ort  ior  u  ■  \vntilatiou  ha**  been  added  to 
facilitate  use  of  this  anesthetic  technique  when  indicated.  The  authors  have  used  the  prototypes  ot  these  *>»;:*.:!•  »t H so »pes  • *n  si  '■  patients,  four 
women  and  two  men.  and  have  found  the  exposure  of  subglottic  and  upper  tracheal  lesions  t"  be  improved  •  ;v  «*i  that  « »}*tained  with  existing 
in  icrol  a  ry  ng<  »scopes . 

KEY  WORDS  —  laser  surgerv .  subglottiscope. 


An  adult  subglottiscope  for  laser  surgery  has  been 
developed  to  facilitate  endoscopic  exposure  of  the 
entire  subglottic-  larynx  and  upper  trachea  to  the 
level  of  the  second  ring  in  patients  of  both  sexes  with 
strictures  and  benign  and  malignant  neoplasms  lo¬ 
cated  in  these  two  anatomic  sites.  Limitations  of  the 
presently  available  endoscopic  armamentarium  (in¬ 
cluding  microlaryngoscopes  and  tracheoscopes)  for 
exposure  to  perform  laser  operations  of  the  sub¬ 
glottic  space  in  adults,  combined  with  many  fav  or¬ 
able  experiences  with  use  of  the  Healy  subglotti- 
scope1  in  pediatric  patients,  prompted  our  develop¬ 
ment  of  this  instrument. 

The  tip  is  small  enough  to  pass  through  the  v  ocal 
cords,  facilitating  exposure  of  the  subglottic  larynx 
and  upper  trachea.  The  tube  of  this  subglottiscope 


has  been  lengthened  to  facilitate  its  use  in  both 
short-  and  long-necked  individuals  (Fig  1A).  The 
stainless  steel  tubing  from  which  this  instrument  has 
been  manufactured  lias  been  treated  to  render  it 
low  in  specular  or  direct  reflectance  and  high  in  dif¬ 
fuse  or  scattered  reflectance  when  irradiated  with 
mid-infrared  laser  energy.2  A  smoke  evacuation 
channel  has  been  added  and  a  jet  ventilation  port 
has  been  included  to  facilitate  use  of  this  anesthetic 
technique  when  indicated  (Fig  IB). 

An  example  of  the  exposure  of  the  subglottic 
space  with  this  instrument  is  shown  in  a  patient 
with  an  obstructing  subglottic  granuloma  (Fig  2A) 
that  measured  8  mm  in  diameter  at  the  time  of 
resection  (Fig  2B).  Following  excision  of  this  lesion, 
the  patency  of  the  airway  was  reestablished,  allow- 


Fig  1 .  Subglottiscope.  A)  Side  view  showing  distal  tip  and  elongated  tube.  B)  Proximal  view  showing  jet  ventilation  and  smoke  evac¬ 
uation  ports. 
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inu  the  patient  to  lie  decanuulated  <liu  2(.'l.  The 
Table  summarizes  the  author-.'  experience  w  itli  this 
instrument  in  treatim:  m\  jiatients.  three  with  sub¬ 
glottic  lesions  and  three  with  upper  tracheal  lesions. 


tional-leneth  microhu  x  otoscopes.  We  haw  not  ex¬ 
perienced  any  limitations  u  it h  these  subelottiscopes 
to  date. 
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Potential  applications  lor  the  use  o)  this  subiilot- 
ti scope  in  the  upper  trachea  and  subglottic  larynx 
include  subglottic  stenosis  excision  with  or  without 
the  micro-trap  door  flap.'1 '  excision  of  granulomas 
and  other  benign  lesions,  and  excision  or  ablation  ot 
malignant  neoplasms  with  either  the  carbon  dioxide 
or  potassium-titany !  phosphate  laser.  Advantages 
include  the  capability  ol  simultaneously  grasping, 
retracting.  and  or  suctioning  the  lesion  during  laser 
resection  and  the  ability  to  use  either  joystick  or 
fiber  laser  delivery  systems  A  disadvantage  is  the 
need  to  purchase  a  new  set  ol  microlary  ngeal  in¬ 
struments  with  longer  shafts  than  those  ordinarily 
used  for  microlarvngeal  surgerx  through  (he  tradi- 
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Laser  Safety  in  Otolaryngology- 
Head  and  Neck  Surgery: 

Anesthetic  and  Educational 
Considerations  for  Laryngeal  Surgery 
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Laser  Safety  in  Otolaryngology— Heed  end 
Neck  Surgery:  Anesthetic  and  Educational 
Considerations  for  Laryngeal  Surgery 


Robert  H.  Ossoff,  DMD,  MD 


Two  investigations  concerning  anesthetic  and  educational  con¬ 
siderations  for  laser  safety  in  microlaryngeal  carbon  dioxide 
laser  surgery  have  been  performed.  The  fir6t  study  demon¬ 
strated  that  attendance  at  a  “hands-on”  laser  surgery  course 
that  stressed  safety  precautions  was  associated  with  a  reduced 
rate  of  laser-related  complications  in  the  selected  group  of  oto¬ 
laryngologists  who  participated  in  the  course,  when  compared  to 
another  selected  group  of  otolaryngologists  who  were  members 
of  a  senior  otolaryngology  society,  and  surveyed  solely  on  the 
basis  of  their  society  membership. 

The  second  series  of  studies  compared  the  incendiary  charac¬ 
teristics  of  three  endotracheal  tubes  in  various  mixtures  of  oxy¬ 
gen,  diluted  with  either  helium  or  nitrogen.  It  was  determined 
that  the  polyvinyl  chloride  tube  should  not  be  used  for  laser  sur¬ 
gery,  even  when  wrapped  with  reflective,  metallic  tape.  The 
safest  anesthetic  gas  mixture  was  found  to  be  30%  oxygen  in 
helium;  the  addition  of  2%  halothane  did  not  have  an  adverse  ef¬ 
fect,  as  had  been  previously  reported.  Both  the  Xomed  Laser- 
Shield*  and  Ruach*  red  rubber  endotracheal  tubes  were  found 
to  be  safe,  when  used  with  the  laser  in  the  pulsed  mode  in  an  at¬ 
mosphere  of  100%  oxygen.  When  the  laser  was  used  in  the  con¬ 
tinuous  mode,  both  tubes  ignited  in  an  atmosphere  of  30%  oxy¬ 
gen  in  helium.  These  findings  challenged  the  previously  reported 
levels  of  safety  associated  with  the  use  of  an  unwrapped  Xomed 
tube.  Based  on  the  results  of  this  investigation,  it  has  been  con¬ 
cluded  that  both  the  Rusch  red  rubber  tube  and  the  Xomed 
Laser-Shield  tube  should  be  wrapped  with  reflective,  metallic 
tape,  when  used  for  cases  of  microlaryngeal  surgery  with  the  car¬ 
bon  dioxide  laser. 

INTRODUCTION 

Laser  is  an  acronym  for  Light  Amplification  by 
the  Stimulated  Emission  of  Radiation.  In  1919, 
Albert  Einstein  published  his  now  classic  treatise, 
“Zur  Quantum  Theorie  der  Stralung”  (“The  Quan¬ 
tum  Theory  of  Radiation”)  in  which  he  postulated 


(resented  as  a  Candidate's  Thesis  to  the  American  Laryngological, 
Rhinological  and  Otological  Society,  Inc,  1988. 
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the  theoretic  foundation  of  laser  action,  stimulated 
emission  of  radiation.1  Einstein  discussed  the  inter¬ 
action  of  atoms,  ions,  and  molecules  with  electro¬ 
magnetic  radiation  and  specifically  addressed  ab¬ 
sorption  with  spontaneous  emission  of  radiation, 
and  proposed  a  third  process  of  atomic  interaction: 
stimulated  emission.  Einstein  postulated  that  elec¬ 
tromagnetic  radiation  could  be  produced  by  this 
atomic  interaction  which  is  the  basis  of  laser  energy. 

The  development  and  subsequent  addition  of  laser 
technology  to  existing  surgical  techniques  offered 
new  and  exciting  possibilities  for  improving  tradi¬ 
tional  endoscopic  operations  and  expanding  the 
scope  of  the  specialty  of  otolaryngology— head  and 
neck  surgery.  Lasers  were  found  to  be  precise,  but 
potentially  dangerous,  surgical  instruments  whose 
use  was  associated  with  certain  distinct  and  unprec¬ 
edented  advantages,  but  also  with  many  unique  and 
potentially  serious,  and  sometimes  catastrophic, 
complications.  Reports  about  many  of  these  unique, 
laser-related  complications,  complete  with  conflict¬ 
ing  discussions  detailing  how  to  avoid  these  laser-re¬ 
lated  accidents,  appeared  to  increase  in  frequency  as 
the  use  of  the  technology  proliferated.  The  lack  of  a 
definitive,  fail-safe  solution  to  prevent  a  laser-ig¬ 
nited  endotracheal  tube  fire  from  occurring  stimu¬ 
lated  this  investigation. 

The  purpose  of  this  research  was  twofold.  The 
first  goal  was  to  determine  if  attendance  at  a  small 
“hands-on”  laser  surgery  course  that  stressed 
safety  precautions  and  complications  for  specialists 
in  otolaryngology— head  and  neck  surgery  might 
lead  to  a  reduced  rate  of  laser-related  complications 
in  this  selected  group  of  otolaryngologists  when 
compared  to  another  selected  group  of  otolaryngolo¬ 
gists,  members  of  a  senior  otolaryngology  society, 
previously  surveyed  by  Fried2  solely  on  the  basis  of 
their  society  membership.  The  second  objective  was 
to  compare  the  incendiary  characteristics  of  three 
endotracheal  tubes  in  various  mixtures  of  oxygen 
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course  prior  to  use  of  this  technology  in  their  clinical 
practice.  The  findings  of  the  second  part  of  this 
study  should  provide  help  to  the  otolarvngologist  — 
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they  are  faced  with  the  problem  of  choosing  an  endo¬ 
tracheal  tube  and  gas  mixture  for  a  patient  about  to 
undergo  microlaryngeal  carbon  dioxide  laser  surgery. 

REVIEW  OF  THE  LITERATURE 

Early  Laser  Development 

In  1958,  thirty-nine  years  following  Einstein’s 
classic  publication,  Charles  Townes  and  Arthur 
Schawlow3  published  “Infrared  and  Optical 
Masers”  in  which  they  discussed  stimulated  emis¬ 
sion  iq  the  microwave  range  of  the  electromagnetic 
spectrum  (maser)  and  described  the  desirability  and 
principles  of  extending  the  techniques  of  stimulated 
emission  to  the  infrared  and  optical  ranges  of  the 
electromagnetic  spectrum  (laser).  Theodore 
Maiman4  expanded  on  the  writings  of  Schawlow  and 
Townes  and  built  the  first  laser,  a  synthetic  ruby 
laser,  in  1960.  This  laser  produced  pulsed  electro¬ 
magnetic  radiation  at  a  wavelength  of  0.69  tan  in  the 
visible  range  of  the  spectrum  and  lasted  only  1  msec 
or  less;  however,  it  stimulated  much  interest  in  the 
scientific  and  medical  fields  and  paved  the  way  for 
the  future  development  and  widespread  application 
of  lasers  in  industry  and  medicine.  The  output 
power  of  the  ruby  laser  was  soon  increased  to  levels 
that  allowed  it  to  pierce  a  stack  of  steel  razor  blades. 
Snitzer  (1961)5  developed  the  Nd-in-glass  laser, 
which  also  operated  in  the  pulsed  mode  at  a  wave¬ 
length  of  1.06  micrometers;  its  output  power  greatly 
exceeded  that  of  the  ruby  laser. 

The  development  of  these  two  lasers  stimulated 
interest  in  the  field  of  medical  research  regarding 
the  possible  application  of  laser  energy  to  destroy 
cancer.  Scientists  began  to  apply  energy  from  both 
of  these  lasers  to  various  tumor  lines  implanted  in 
experimental  animals.  Conflicting  results  were  re¬ 
ported  from  the  several  laboratories  performing  this 
pioneering  research.  It  was  quickly  determined  that 
the  entire  tumor  had  to  be  destroyed  to  achieve  a 
cure— a  difficult  task  with  either  of  the  lasers  be¬ 
cause  of  the  low  absorption  of  the  wavelengths  0.69 
and  1.06  tan  in  nonpigmented  biologic  tissue.  Re¬ 
searchers  began  to  use  higher  and  higher  power  den¬ 
sities  to  facilitate  tumor  destruction  when  using 
either  of  the  two  lasers.  This,  in  turn,  caused  me¬ 
chanical  tissue  disruption  with  viable  cancer  cells 
being  disseminated  to  distant  areas  in  the  experi¬ 
mental  animal,  as  well  as  into  the  laboratory  Envi¬ 
ronment.*  From  the  results  of  these  early  investiga¬ 
tions,  scientists  learned  the  principle  of  differential 
absorption  of  electromagnetic  radiation  by  biologic 
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the  infrared  range  of  the  electromagnetic  spectrum. 
The  major  characteristics  of  this  laser  that  made  it 
potentially  interesting  for  medical  applications  were 
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wavelength  of  10.6  ,-.m.  which  was  almost  complete¬ 
ly  absorbed  by  most  biologic  tissues.  This  high  de¬ 
gree  of  absorption,  high-output  power,  continuous 
mode  of  operation,  and  ability  to  focus  the  beam  to  a 
very  small  spot  size  permitted  early  investigators 
working  with  this  laser  to  destroy  a  localized  vol¬ 
ume  of  tissue  by  burning  and  vaporizing  it.  The  tis¬ 
sue  interaction  characteristic  of  the  CO2  laser,  there¬ 
fore,  was  found  to  be  a  localized,  precise,  thermal  in¬ 
jury  that  offered  potential  in  surgical  research. 

Yahr  and  Strully*  soon  discovered  that  they  could 
make  a  fine  incision  in  skin  and  perform  a  partial 
liver  resection  with  minimal  blood  loss  using  a 
laboratory  model  carbon  dioxide  laser.  Encouraged 
by  the  results  of  Yahr  and  Strully,  Polanyi,  et  aL 9 
developed  a  CO2  laser  system  for  surgical  research. 
This  permitted  multiple  investigators  to  study  the 
potential  applications  of  carbon  dioxide  lasers  in 
medicine  and  surgery. ,0-' 3 

Early  Research  with  the  Carbon  Dioxide 
Laser  in  Otolaryngology 

Jako*4  performed  the  first  carbon  dioxide  laser 
surgery  experiments  on  a  cadaver  larynx  in  1967, 
and  produced  discrete,  localized  lesions  using  the 
laser’s  focusing  handpiece.  Encouraged  by  his  re¬ 
sults,  Jako  stimulated  Bredemeier15  to  develop  an 
endoscopic  delivery  system  which  allowed  Jako  to 
perform  the  first  in  vivo  experiments  on  canines.  He 
was  able  to  produce  discrete  lesions  in  the  canine 
larynx;  the  operative  field  was  found  to  be  bloodless 
and  the  postoperative  healing  was  excellent.  Fur¬ 
ther  encouraged  by  these  results,  Jako  quickly  re¬ 
alized  that  the  development  of  an  attachment  to 
allow  the  use  of  the  laser  with  the  operating  micro¬ 
scope  and  fiberoptic  laryngoscope  was  necessary. 
Bredemeier'4  produced  an  attachment  that  coupled 
the  laser’s  arm  to  the  Zeiss  operating  microscope 
and  termed  it  a  ‘‘stereoendoscope”  and  later  a 
‘‘micromanipulator.”  Using  this  attachment,  Jako 
was  able  to  develop  and  study  laser  surgical  tech¬ 
niques  on  the  canine  vocal  fold.  These  experiments 
were  completed  in  1970  and  submitted  by  Jako  as  a 
candidate’s  thesis  to  the  American  Laryngological, 
Rhinological  and  Otological  Society,  Inc.  In  his  dis¬ 
cussion,  Jako  dted  the  possibility  of  reflecting  laser 
energy  off  metal  instruments  to  remote  areas  in  the 
airway  and  also  mentioned  that  the  surgeon’s  eyes 
would  be  protected  by  the  oculars  of  the  Zeiss  oper¬ 
ating  microscope.  He  concluded  that  the  instrumen¬ 
tation  used  for  his  experiments  could  be  used  for  hu¬ 
man  application  “without  any  further  modification." 14 
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voicing  12  patients  with  laryngeal  pathology.  Cer¬ 
tain  potential  dangers  were  raised  by  the  authors  re¬ 
garding  the  use  of  the  laser  in  microlaryngeal  sur¬ 
gery.  First,  the  possibility  of  beam  reflection  off  a 
shiny  metal  instrument  was  discussed,  and  the  au¬ 
thors  strongly  suggested  that  personnel  in  the  op¬ 
erating  room  wear  glasses  as  a  means  of  protection 
from  this  risk.  The  potential  for  corneal  injury  by 
the  carbon  dioxide  laser  had  been  previously  de¬ 
scribed  by  Leibowitz  and  Peacock.18  Second,  they 
emphasized  the  need  to  avoid  injury  to  the  cuff  of 
the  endotracheal  tube;  here.  Strong  and  Jako  sug- 
✓  gested  thgt  the  cuff  either  be  advanced  “down  the 
trachea  out  of  sight”  or  protected  by  a  piece  of  . 
moist  “selvage  gauze.”  Third,  and  most  impor¬ 
tantly,  the  authors  warned  that  the  endotracheal 
tube,  in  the  presence  of  a  high  oxygen  flow  rate, 
could  be  made  to  burn.  They  concluded  that  use  of 
the  carbon  dioxide  laser  was  “practical  for  incision 
or  excision  of  tissue,"  and  that  the  use  of  the  micro¬ 
manipulator  with  the  operating  microscope  allowed 
“laser  surgery  of  the  vocal  cords  to  be  carried  out 
with  exquisite  precision.”  Their  final  conclusion  pre¬ 
dicted  that  further  applications  of  laser  surgery  in 
otolaryngology  would  “be  forthcoming  as  experi¬ 
ence  and  expertise  accumulates."' 7 

The  potential  impact  of  Strong  and  Jako’s  initial 
carbon  dioxide  laser  presentation  was  highlighted 
by  Ward  (1972)'9  when  he  described  the  use  of  the 
laser  in  microlaryngeal  surgery  as  the  “singular  out¬ 
standing  new  development”  in  otolaryngology  dur¬ 
ing  his  “What’s  New  in  Surgery"  presentation  at 
the  Clinical  Congress  of  the  American  College  of 
Surgeons.  Earlier  that  same  year,  the  American 
Medical  Association  awarded  Strong,  Jako  and 
their  collaborators,  Polanyi  and  Bredemeier,  from 
the  American  Optical  Research  Laboratories,  the 
Hektoen  Gold  Medal  for  their  exhibit  “Laser  Sur¬ 
gery  of  the  Larynx"  which  was  displayed  at  the  An¬ 
nual  Convention  of  the  American  Medical  Associa¬ 
tion.  News  of  this  award  was  featured  in  the  Medical 
News  section  of  the  Journal  of  the  American  Medi¬ 
cal  Association .“ 

Strong  and  Jako71  presented  their  experience  with 
the  use  of  the  CO2  laser  in  the  management  of  75  pa¬ 
tients  requiring  142  procedures  at  the  1973  First 
Joint  Meeting  of  the  Society  of  Head  and  Neck  Sur¬ 
geons  and  the  American  Sotiety  for  Head  and  Neck 
Surgery.  Once  again,  they  cautioned  the  reader 
about  the  possibility  of  damage  to  either  the  rubber 
or  plastic  endotracheal  tube  when  performing  laser 


surgery.  For  t !:e  first  time,  they  siijrgi  st.il  pro- 
;:]..:ir,ini!t!i  tune. 

Andtvws  bi-gan  working  with  tin-  carbon  uioxuto 
laser  in  1972  and  published  two  papers  on  the  sub¬ 
ject  in  1974.  one  in  the  general  surgery  literature- 
t'.i  ."..I  :r.  Annuls  of  Otology.  Rhinology  umi 
Laryngology1 '  based  on  his  presentation  at  the  An¬ 
nual  Meeting  of  the  American  Larvngological  Asso¬ 
ciation.  He  emphasized  safety  in  both  publications 
and  suggested  that,  in  addition  to  all  personnel  in 
the  operating  room  wearing  glasses,  the  eyes  of  the 
patient  should  be  taped  closed  and  covered.  Protec¬ 
tion  of  the  patient’s  lips  with  moist  gauze  was  sug¬ 
gested  to  guard  against  any  possible  vertical  or  hori¬ 
zontal  maladjustment  of  the  microscope  with  the 
laryngoscope. 

The  greatest  focus  of  Andrews’  safety  concerns  in¬ 
volved  the  anesthetic  management  of  the  airway 
when  performing  microlaryngeal  laser  surgery.  He 
exposed  endotracheal  tubes  to  laser  cv  ergy  in  the 
laboratory  and  recognized  the  potential  for  a  cata¬ 
strophic  airway  fire,  should  the  laser  beam  hit  an  en¬ 
dotracheal  tube  in  the  presence  of  high  oxygen  con¬ 
centration.  He  also  determined  that  plastic  endotra¬ 
cheal  tubes  were  more  easily  penetrated  than  red 
rubber  tubes  and  that  these  same  plastic  tubes  ig¬ 
nited  far  more  easily  in  the  presence  of  oxygen  than 
did  the  red  rubber  tubes.  Andrews  further  noted 
that  the  red  rubber  tubes  would  only  burn  on  the 
outside  and  would  not  be  penetrated,  when  exposed 
to  greater  than  15  seconds  of  20  W  (maximum  power) 
at  0.1  second  in  the  presence  of  oxygen.  He  con¬ 
cluded,  therefore,  that  only  red  rubber  tubes  should 
be  used  for  microlaryngeal  laser  surgery  and  that 
these  tubes  should  be  protected  with  aluminum  foil 
tape  as  previously  described  by  Strong  and  Jako. 
Additional  safety  precautions  included  limiting  the 
concentration  of  oxygen  in  the  anesthetic  gas  to 
30%,  protecting  the  cuff  of  the  endotracheal  tube 
with  saline-saturated  neurosurgical  gauze  pads  and 
counting  these  gauze  pads  in  the  same  manner  as  a 
sponge  count,  and  limiting  the  duration  of  the  laser 
exposure  to  the  shortest  time  possible  to  help  mini¬ 
mize  the  risk  of  endotracheal  tube  cuff  perforation. 

These  reports  stimulated  the  specialty  of  anesthe¬ 
siology  to  write  prolifically  about  the  safe  anes¬ 
thetic  management  of  patients  undergoing  this  rela¬ 
tively  new  form  of  surgery.  Several  anesthetic  tech¬ 
niques,  endotracheal  tubes,  methods  of  protecting 
endotracheal  tubes,  and  methods  of  administering 
jet  ventilation  were  published  in  the  anesthesiology 
literature  beginning  in  1973. 

Birch14  was  the  first  in  his  specialty  of  anesthesi¬ 
ology  to  publish  on  anesthetic  considerations  for 
laser  surgery;  however,  he  focused  on  the  subject  in 
general,  and  did  not  discuss  any  specific  airway  con¬ 
siderations. 
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laryngeal  laser  surgery  performed  by  Strong  and  his 
associates.  Snow,  et  al.  used  the  red  rubber  Lube  in 
all  cases  and  used  moist  selvage  gauze  to  protect  the 
cuff.  In  four  adult  cases,  the  laser  beam  penetrated 
the  cuff;  tube  replacement  was  felt  to  be  necessary 
in  only  one  of  these  cases. 

During  the  same  year,  Konchigeri  and  Shaker26 
published  their  experiences  providing  anesthesia  for 
Andrews.  These  investigators  raised  the  question 
about  the  risk  of  laser-ignited  fire  or  explosion  in  the 
presence  of  different  concentrations  of  oxygen  or 
anesthetic  gases. 

In  1975,  Snow  and  Norton27  reviewed  and  pub¬ 
lished  their  experiences  managing  250  consecutive 
patients  who  underwent  700  microlaryngeal  or  bron- 
choscopic  laser  procedures  over  a  42-month  period. 
Wrapped  red  rubber  endotracheal  tubes  were  used 
in  most  cases,  although  Venturi  or  jet  ventilation 
was  employed  in  several  of  the  pediatric  cases.  No 
morbidity  or  mortality  occurred  according  to  these 
investigators,  although  four  fire  accidents  were  re¬ 
ported  in  their  publication.  Snow  and  Norton  dis¬ 
cussed  two  of  the  fires:  one  that  occurred  in  an  un¬ 
wrapped  tube  and  another  that  occurred  in  a  re¬ 
flective  tape-wrapped  tube.  No  serious  injury  was 
mentioned  from  any  of  the  four  fires. 

Strong  and  his  colleagues  (1976)2*  presented  their 
experiences  in  treating  110  patients  with  recurrent 
respiratory  papillomatosis  using  the  carbon  dioxide 
laser.  General  anesthesia  was  administered  in  all  pa¬ 
tients  using  a  small-sized  endotracheal  tube  pro¬ 
tected  with  aluminum  tape.  In  some  patients,  espe¬ 
cially  children,  the  tube  was  removed  during  the 
case  to  facilitate  exposure  of  the  posterior  commis¬ 
sure;  in  these  cases,  the  patient  was  ventilated  with 
a  Venturi  system.  The  only  laser-related  complica¬ 
tion  cited  in  this  paper  was  that  of  an  acquired  an¬ 
terior  glottic  web  that  occurred  in  seven  patients 
treated  early  in  the  series;  this  most  probably  re¬ 
sulted  from  simultaneous  excision  of  papillomas 
from  the  anterior  commissure  of  both  vocal  cords. 
Strong  and  his  colleagues  did  not  realize  this  possi¬ 
bility  when  performing  the  microlaryngeal  laser 
surgery  in  the  very  early  cases  of  recurrent  respira¬ 
tory  papillomatosis. 

Later  that  same  year,  Strong,  etaL  **  updated  the 
members  of  the  American  Academy  of  Otolaryn¬ 
gology  by  presenting  a  progress  report  on  laser  sur¬ 
gery  at  the  Annual  Meeting  of  the  Academy.  Pre¬ 
cautions  for  laser  surgery  were  highlighted  and  com¬ 
plications  were  discussed.  For  the  first  time,  Strong, 
et  al  cautioned  against  using  the  polyvinyl  chloride 
endotracheal  tube  and,  once  again,  recommended 
using  an  aluminum  tape-wrapped  red  rubber  tube. 
They  cited  two  episodes  of  extraluminal  endotra- 
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patients  lor  various  intralaryngeal  pathological  con¬ 
ditions.  Anesthesia  was  maintained  with  halothane 
or  enflurane  in  a  mixture  of  oxygen  in  nitrous  oxide 
(30:701.  There  were  no  complications  in  this  series. 

Snow  and  his  colleagues  (1976)  "  published  a  paper 
describing  the  fire  hazard  during  microlaryngeal 
laser  surgery.  They  presented  four  cases  of  laser- 
ignited  tube  fires  (same  cases  as  reference  27)  that 
healed  uneventfully.  This  was  the  first  publication 
in  the  anesthesiology  literature  to  state  that  the  red 
rubber  endotracheal  tube  had  to  be  wrapped  with  re¬ 
flective  aluminum  tape  if  it  was  situated  within  the 
operative  field  (microlaryngeal  surgery).  A  similar 
warning  had  been  issued  by  Strong,  et  aL2'  in  the 
otolaryngological  literature  in  1973. 

Norton  and  his  associates  (1976)12  reviewed  their 
experiences  using  the  combined  technique  of  endo¬ 
tracheal  intubation  and  Venturi  (jet)  ventilation  for 
the  anesthetic  management  of  100  patients  requir¬ 
ing  microlaryngeal  laser  surgery.  In  their  series,  the 
distal  orifice  of  the  jet  ventilation  needle  was  lo¬ 
cated  above  the  level  of  the  true  vocal  cords.  They 
found  that  the  primary  advantage  of  this  anesthetic 
technique  was  that  it  provided  the  surgeon  with 
total  access  to  the  larynx  and  trachea,  without  vis¬ 
ual  or  mechanical  obstruction  by  an  endotracheal 
tube.  Additionally,  the  risk  of  a  laser-ignited  airway 
fire  was  eliminated,  since  no  combustible  materials, 
such  as  an  endotracheal  tube  or  cottonoids,  were 
present  in  the  airway.  Certain  disadvantages  were 
noted  by  Norton  and  his  colleagues  that  included: 

1.  risk  of  pneumomediastinum  or  pneumothorax; 

2.  risk  of  gastric  distention  and  regurgitation; 

3.  trap-door  obstruction;  4.  vocal  cord  motion;  5.  mu¬ 
cosal  dehydration;  6.  lower  respiratory  tract  involve¬ 
ment;  7.  inadequate  ventilation;  8.  hypocarbia;  and 
9.  hypercarbia.  These  investigators  did  not  look  at 
Venturi  ventilation  as  a  substitute  for  endotracheal 
intubation,  but  rather,  as  an  adjunct  to  their  instru¬ 
mentation  for  the  expressed  goal  of  “meeting  the 
otolaryngologist’s  needs  for  unobstructed  access  to 
his  surgical  field.” 

Vaughan11  wrote  his  candidate’s  thesis  for  the 
American  Laryngological,  Hhinological  and  Otolog- 
ical  Society,  Inc.  in  1976  in  which  he  discussed 
“Transoral  Laryngeal  Surgery  Using  the  CO2  Laser: 
Laboratory  Experiments  and  Clinical  Experience.” 
Four  problem  areas  associated  with  laser  surgery 
were  identified:  I.  smoke  and  vapor,  2.  hemostasis; 
3.  endotracheal  tube;  and  4.  lack  of  experience  with 
the  CO2  laser.  Of  the  four  problem  areas,  Vaughan 
cited  the  last-named  as  “the  most  significant  and 
unique  problem.”  He  also  performed  tests  of  the 
combustibility  of  red  rubber  endotracheal  tubes  and 
noted  that  the  laser  beam,  on  full  power,  would  bum 
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Hicks,  et  at.  (1978)“  discussed  the  use  of  the  car¬ 
bon  dioxide  laser  in  surgery  of  the  larynx.  They 
noted  tuat  il.it  tecnnology  was  most  suited  for 

laryngeal  surgery  and  that  recurrent  respiratory 
papillomatosis  in  children  was  the  most  common  in¬ 
dication  for  its  use. 

Norton  and  DeVos  (1978)35  developed  and  pre¬ 
sented  a  new,  nonreflective,  metal  endotracheal  tube 
for  carbon  dioxide  laser  surgery  of  the  larynx.  At 
the  time  of  their  presentation  to  the  American  Bron- 
cho-Esophagological  Association,  they  had  used  the 
tube  in  77  patients,  both  adult  and  pediatric,  and 
had  worked  out  what  they  believed  to  be  the  early 
problems  with  their  tube.  They  concluded  their  pre- 
jt  sentation  by  stating  that  they  had  “presented  here¬ 
in  the  solution  to  the  last  major  problem  involved  in 
the  use  of  the  CO2  laser  for  microsurgery  of  the 
larynx.’’ 

Publications  describing  complications  associated 
with  Venturi  jet  ventilation  began  to  appear  in  the 
literature  in  1978.  Chang,  et  aLs6  described  a  case  of 
severe  abdominal  distention  in  a  44-year-old  man 
following  jet  ventilation  for  microlaryngeal  surgery. 
The  next  year,  Oliverio  and  his  associates”  pub¬ 
lished  a  case  of  pneumothorax  accompanied  by  a 
pneumomediastinum  and  subcutaneous  emphysema 
following  jet  ventilation  for  a  carbon  dioxide  laser 
operation  on  a  patient  with  recurrent  respiratory 
papillomatosis  of  the  larynx.  The  needle  jet  orifice 
was  located  below  the  vocal  cords  in  this  case. 

Healy  and  his  colleagues3*  published  their  experi¬ 
ences  with  the  use  of  the  carbon  dioxide  laser  in  the 
pediatric  airway  in  1979.  Two  precautions  were  dis¬ 
cussed:  protection  of  the  patient’s  eyes  with  moist 
gauze  pads  and  intubation  with  an  aluminum  tape- 
wrapped  endotracheal  tube.  Healy  noted  that  a  fire 
would  develop  if  the  laser  beam  accidentally  im¬ 
pacted  a  polyvinyl  chloride  endotracheal  tube,  and 
further  stated  that  wrapping  the  tube  with  the  alu¬ 
minum  covering  would  cause  the  beam  to  “be  re¬ 
flected  harmlessly  from  the  tube.”  He  and  his  col¬ 
leagues  cited  a  complete  lack  of  complications  asso¬ 
ciated  with  the  use  of  the  laser  at  their  institution.39 

In  1979,  Andrews9®  recommended  that  the  string 
attached  to  the  neurosurgical  cottonoids,  used  to 
protect  the  endotracheal  tube  cuff,  be  replaced  with 
fine,  nickel-plated  jewelry  chain.  This  suggestion 
followed  the  realization  that  the  string  would  often 
be  severed  by  the  laser  beam,  which  sometimes 
made  removal  of  the  cottonoids  with  microlaryngeal 
forceps  difficult. 

In  the  same  year,  DiBartolomeo41  published  an  ex¬ 
tensive  review  of  laser  surgery  in  otolaryngology 
and  recommended  that  Portex  endotracheal  tubes 
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a  new  catheter  lor  Venturi  ventilation  for  micro¬ 
laryngeal  surgery.  The  “Benjamin  jet  tube"  or 
“Beniet  tube"  was  made  of  fairly  rigid  plastic  and 
came  in  both  adult  and  pediatric  sizes.  Four  soft 
plastic  “petals”  located  at  the  distal  end  centered 
the  tube  in  the  trachea  and  prevented  the  tube  from 
moving.  After  using  this  tube  successfully  in  over 
200  patients  (pediatric  and  adult)  for  both  conven¬ 
tional  and  laser  microlaryngeal  surgery,  Benjamin 
and  Gronow  felt  that  it  did  not  need  to  be  protected 
with  aluminum  tape  for  laser  surgery.  Brown43  uti¬ 
lized  the  “Benjet”  tube  to  provide  anesthesia  for  a 
patient  undergoing  microlaryngeal  laser  surgery  for 
recurrent  respiratory  papillomatosis;  during  this 
procedure,  the  tip  of  the  tube  ignited  and  separated 
from  the  main  body  of  the  catheter.  It  was  retrieved 
during  bronchoscopy,  which  was  immediately  under¬ 
taken  to  assess  the  extent  of  the  mucosal  damage. 
Fortunately,  the  patient  made  an  uneventful  recovery. 

Pa  til  and  his  associates44  published  “A  Modified 
Endotracheal  Tube  for  Laser  Microsurgery”  in 
1979.  They  wrapped  commercially  available  muslin 
in  a  spiral  manner  around  a  red  rubber  or  PVC  en¬ 
dotracheal  tube;  the  proximal  end  was  secured  with 
a  heavy  silk  tie.  Prior  to  intubation,  the  tube  was 
soaked  in  a  basin  of  saline  and  it  was  periodically 
saturated  with  saline  during  the  procedure.  After 
exposing  this  tube  to  multiple,  short  bursts  of  laser 
energy  at  the  same  site,  they  failed  to  cause  an  igni¬ 
tion  or  even  a  char  to  form  at  the  site  of  impact. 

Vourc’h  and  his  co-workers45  reviewed  their  ex¬ 
perience  in  257  patients  undergoing  microlaryngeal 
laser  surgery  in  1979.  One  fire  occurred  in  a  pedi¬ 
atric  patient  with  a  red  rubber  tracheostomy  tube 
which  had  not  been  protected  prior  to  beginning  the 
procedure.  The  endotracheal  tube  was  perforated  by 
the  laser  beam  in  two  patients  without  incident.  In  a 
third  patient,  a  cottonoid  which  was  left  in  the  lar¬ 
ynx  caused  respiratory  obstruction  upon  extubation. 
The  cottonoid  was  quickly  removed  and  the  respira¬ 
tory  distress  reversed.  Although  they  did  not  speci¬ 
fy  which  tube  they  were  using,  Vourc’h  and  his  asso¬ 
ciates  did  stress  the  importance  of  protecting  the 
tube  with  aluminum  foil  tape.  This  group  of  physi¬ 
cians  noted  that  “both  oxygen  and  nitrous  oxide  sup¬ 
port  combustion  and  that  it  may  be  better  to  mix 
oxygen  with  air  to  reduce  the  risk  of  endotracheal 
tube  fire.”  Later  that  year,  Vourc’h,  etal4* published 
a  case  report  of  a  patient  in  whom  they  had  experi¬ 
enced  an  endotracheal  tube  fire.  At  some  point  dur¬ 
ing  the  operation,  the  surgeon  noted  that  “the  cuff 
was  burst  and  upon  application  of  the  next  User  im¬ 
pact,  the  tube  caught  fire  and  flames  erupted  from 
the  patient’s  mouth.”  The  surgeon  immediately 
pulled  the  tube  (PVC)  out  and  noted  that  it  was 
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during  a  proceiiure.  then  the  tube  must  be  removed, 
and  the  patient  reintubated."  He  also  cautioned 
against  taping  the  tube  too  firmly  to  the  patient, 
and  emphasized  the  need  for  immediate  removal  of 
the  tube,  should  a  fire  occur. 

Burgess  and  LeJeune47  published  a  case  report  of 
an  endotracheal  tube  fire  that  occurred  in  a  6-year- 
old  girl  in  1979.  They  were  ventilating  through  a  re¬ 
flective  tape-wrapped  PVC  tube  in  the  presence  of 
100%  oxygen  and  believed  that  the  ignition  oc¬ 
curred  because  the  unprotected  extreme  distal  por¬ 
tion  of  the  tube  was  hit  by  the  laser.  They  men¬ 
tioned  that  the  ideal  inspired-oxygen  concentration 
should  have  been  between  30%  and  50%;  however, 
because  of  this  patient’s  history  of  intraoperative 
cardiac  problems  they  chose  to  ventilate  with  100% 
oxygeh. 

Later  that  same  year,  Kaeder  and  HirshmanJ*  re¬ 
ported  a  case  of  acute  airway  obstruction  during 
microlaryngeal  and  bronchoscopic  carbon  dioxide 
laser  surgery  in  a  patient  with  recurrent  respiratory 
papillomatosis  of  the  larynx  and  trachea.  In  this  in¬ 
stance,  passing  the  rigid  bronchoscope  during  the 
procedure  apparently  dislodged  some  of  the  alumi¬ 
num  tape  from  the  endotracheal  tube,  causing  intra¬ 
operative  airway  obstruction  when  the  broncho¬ 
scope  was  removed.  The  patient  was  subsequently 
extubated  and  reintubated  with  an  unwrapped  tube 
of  the  same  size.  Because  the  ventilation  remained 
very  difficult,  Kaeder  and  Hirshman  inspected  the 
wrapped  tube,  which  had  been  removed,  and  noted 
several  areas  of  missing  tape.  Immediate  endoscopic 
removal  of  the  aluminum  tape  foreign  bodies  re¬ 
versed  the  airway  obstruction.  Based  on  their  ex¬ 
perience  with  this  case,  Kaeder  and  Hirshman  con¬ 
cluded  that  the  tube  should  be  checked  at  extuba- 
tion  "to  make  certain  that  all  the  tape  is  still  present 
on  the  tube.” 

In  1980,  Pratt4*  reviewed  his  experience  with  the 
carbon  dioxide  laser  and  noted  that  burning  plastic 
tubes  gave  off  toxic  fumes  not  produced  by  burning 
red  rubber  tubes. 

Carruth  and  his  colleagues  (1980)”  reviewed  the 
safety  aspects  of  carbon  dioxide  laser  surgery  in 
their  practice  and  recommended  the  appointment  of 
a  “Laser  Safety  Officer”  and  the  establishment  of  a 
“Safety  Code  for  the  use  of  the  laser  in  the  Oper¬ 
ating  Theatre.”  Additionally,  they  cited  two  main 
dangers  associated  with  the  use  of  the  laser  remote 
tissue  damage  to  the  patient  or  a  member  of  the 
operating  room  team  from  either  direct  or  reflected 
laser  energy,  and  ignition  of  the  endotracheal  tube. 
Carruth  and  his  associates  recommended  that  all 
personnel  in  the  operating  room  wear  protective 
glasses  and  that  the  patient’s  eyes  be  protected  by 
saline-saturated  eye  pads.  Plastic  or  rubber  endo- 
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thoroughly  familiar  with  the  problems  and  Ut  !.- 
niques  of  laser  surgery  of  the  upper  airway. 

During  the  same  year,  Hirshman  and  Smith'1 
described  the  risk  of  “Indirect  Ignition  of  the  Endo¬ 
tracheal  Tube  During  Carbon  Dioxide  Laser  Sur¬ 
gery.”  This  new  contribution  to  the  literature 
stressed  the  need  to  develop  nonflammable  endotra¬ 
cheal  tubes  for  laser  surgery.  Because  the  inner 
walls  of  the  endotracheal  tube  could  not  be  pro¬ 
tected  with  aluminum  tape  or  some  other  reflective 
material,  the  possibility  of  flaming  tissue  causing 
ignition  of  the  tube  by  being  either  drawn  through 
the  tube  on  exhalation  or  by  being  merely  in  close 
proximity  to  the  distal  end  of  the  tube  was  a  real 
risk.  The  fire  that  Hirshman  and  Smith  experienced 
was  postulated  to  have  occurred  in  this  way.  These 
investigators52  also  performed  studies  to  determine 
if  there  was  any  combination  of  anesthetic  gases 
that  would  be  less  flammable  than  the  oxygen- 
nitrous  oxide  mixtures  commonly  used.  They  noted 
that  tubes  did  not  bum  in  room  air,  but  did  ignite 
in  100%  oxygen,  100%  nitrous  oxide,  or  in  any  com¬ 
bination  of  the  two.  They  also  concluded  that  the 
red  rubber  tubes  burned  more  easily  than  did  the 
polyvinyl  chloride  tubes.  Strong53  commented  on 
Hirshman  and  Smith’s  publication  through  an  edi¬ 
torial  immediately  following  their  article.  He  corrob¬ 
orated  their  findings  and  also  stated  that  “the  C02 
laser  is  a  truly  remarkable  instrument,  but  it  is  up  to 
us  as  surgeons  to  be  careful  with  its  use  so  that  we 
can  bring  its  benefits  to  our  patients  with  an  abso¬ 
lute  minimum  risk.” 

Hirshman  and  her  co-workers54  also  presented  a 
new  endotracheal  tube  for  carbon  dioxide  laser  sur¬ 
gery  of  the  airway  in  1980.  This  tube  was  designed 
for  use  with  the  technique  of  Venturi  jet  ventilation 
and  was  constructed  of  metal. 

Torres  and  Reynolds55  introduced  a  modified, 
longer  than  normal,  4-mm  I.D.  cuffed  PVC  endotra¬ 
cheal  tube  later  that  same  year.  These  authors 
strongly  recommended  that  it  be  wrapped  with 
aluminum  tape  when  used  for  laser  surgery.  Kalhan 
and  Regan  (1980)”  introduced  a  further  modifica¬ 
tion  to  the  tube  of  Patil,  etal4*  by  including  an  epi¬ 
dural  catheter  alongside  the  endotracheal  tube, 
prior  to  wrapping  it  in  muslin.  The  infusion  of  saline 
into  the  catheter  kept  the  muslin  saturated  and, 
thus,  reduced  the  risk  of  ignition. 

Rontal,  et  aL>r  reviewed  their  experience  with  jet 
ventilation  for  microlaryngeal  surgery  in  1980. 
These  investigators  demonstrated  the  safety  of  this 
technique;  however,  they  recommended  that  the 
catheter  be  wrapped  in  aluminum  tape,  prior  to  per¬ 
forming  laser  surgery.  No  complications  were  cited 
in  their  review.  During  the  same  year,  Chang  and  his 


Laryngoscope  99:  August  1989 
6 


Ossoff:  Laser  Safety 


surgery. 

Clinical  Ex  in  lit  net  with  tin  l  arbon  Dioxide  Lust  r  in 
Microlaryngcal  Surgery:  'flic  Age  of  Proliferation, 
Increased  Complications,  and  Testing  (1981-1988) 

ill  l  J.Vi  .  I  «-  ]  vK*.-  v-.  v  wli  L  i'JiU'  v  u  .-...1 

performing  microlarvngeal  carbon  dioxide  laser  sur¬ 
gery  began  to  appear  in  the  otolaryngology— head 
and  neck  surgery  literature.  Many  of  these  reports 
discussed  the  individual  author’s  experiences  with 
endotracheal  tube  fires,  and  included  data  from 
testing  the  numerous  endotracheal  tubes  available 
for  use  at  the  time  of  the  reports,  in  an  attempt  to 
determine  which  tube  was  the  safest  for  microlaryn- 
geal  laser  surgery. 

Meyers59  reported  a  case  of  an  endotracheal  tube 
fire  (aluminum  tape-wrapped  polyvinyl  chloride 
„  tube)  that  Recurred  while  using  the  laser  to  treat  a 
28-year-old  male  with  recurrent  respiratory  papillo¬ 
matosis  of  the  larynx.  During  the  procedure,  the 
cuff  of  the  tube  was  inadvertently  deflated  and  ad¬ 
ditional  cottonoids  were  placed  into  the  subglottic 
larynx  in  an  attempt  to  assure  an  adequate  seal  and 
protect  the  tube.  Shortly  thereafter,  the  endotra¬ 
cheal  tube  ignited  and  was  quickly  removed  from 
the  airway.  The  patient  was  immediately  reintu¬ 
bated  and  intravenous  Decadron®  and  ampicillin 
were  administered.  Rigid  bronchoscopy  was  per¬ 
formed  and  a  neurosurgical  cottonoid  foreign  body 
was  discovered  approximately  1  cm  above  the 
carina.  The  foreign  body  was  removed  and  the  pa¬ 
tient  recovered  uneventfully. 

Meyers  tested  polyvinyl  chloride  and  red  rubber 
endotracheal  tubes  to  determine  their  resistance  to 
penetration  and  fire,  when  laser  energies  compar¬ 
able  to  those  used  in  surgery  were  applied  to  these 
tubes  in  the  presence  of  50%  and  100%  oxygen.  His 
results  indicated  that  the  red  rubber  tubes  were  less 
flammable  and,  therefore,  safer  to  use  in  conjunc¬ 
tion  with  carbon  dioxide  laser  surgery.  He  further 
noted  that  the  cuff  of  each  was  equally  vulnerable  to 
penetration  by  the  laser  and  that  “a  new  endotra¬ 
cheal  tube  equipped  with  a  balloon  capable  of  with¬ 
standing  usual  doses  of  laser  irradiation  is  needed.” 
Other  conclusions  drawn  by  Meyers  included  the 
need  to  extubate  and  reintubate  if  the  cuff  was  de¬ 
flated  by  the  laser,  the  frequent  need  to  remoisten 
both  cottonoids  and  their  strings  during  the  pro¬ 
cedure,  placement  of  the  endotracheal  tube  cuff  far 
below  the  undersurface  of  the  vocal  cords,  use  of  ad¬ 
hesive  tape-wrapped  red  rubber  tubes,  and  the  abso¬ 
lute  need  for  the  surgeon  to  be  prepared  ahead  of 
time  to  handle  an  endotracheal  babe  fire,  should  it 
occur. 

• 

Alberti  (1981)*°  published  an  extensive  review  of 
the  literature,  as  it  dealt  with  laser-related  compli¬ 
cations.  Although  no  new  complications  were  pre- 
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tive  matt  finish  surfaces,  to  reduce  the  potential  lor 
personnel  and  or  tissue  injury  from  beam  reflection, 
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laser  surgery,  the  use  ot  a  moist  stockinette  cover¬ 
ing  for  the  endotracheal  tube,  and  the  provision  for 
adequate  smoke  evacuation  from  the  operative  site. 

Schramm,  et  al.  (1981)61  published  ‘‘Acute 
Management  of  Laser-Ignited  Intratracheal  Explo¬ 
sion”  in  which  they  presented  their  observations 
and  recommendations,  based  on  two  cases,  of  air¬ 
way  management  following  laser-ignited  endotra¬ 
cheal  tube  fires.  Several  important  factors  emerged 
from  their  paper,  including  comments  about  the  in¬ 
cendiary  characteristics  of  both  red  rubber  and  poly¬ 
vinyl  chloride  tubes,  the  use  of  water  or  saline  as  a 
heat  sink,  and  the  need  to  keep  the  concentration  of 
oxygen  in  the  anesthetic  gas  mixture  below  40%. 
Schramm,  et  al  described,  in  detail,  the  pathophysi¬ 
ology  of  an  airway  burn  and  differentiated  it  from 
the  intratracheal  explosion  burn  characteristic  of 
the  laser  type  of  injury.  They  stated  that  “the 
degree  of  burn  depends  on  the  duration  of  heat  expo¬ 
sure"  and  emphasized  that  the  first  step  in  the 
management  of  this  type  of  accident  is  the  simul¬ 
taneous  removal  of  the  burning  tube  and  shutting 
off  the  anesthetic  gases.  They  also  pointed  out  that 
the  hydrochloride  gases  associated  with  burning 
polyvinyl  chloride  tubes  were  toxic  to  the  airway 
and  could  be  associated  with  severe  pneumonitis. 

Schramm,  et  al  stressed  the  absolute  requirement 
that  the  surgeon  and  operating  room  team  have 
“prior  training  and  rehearsal”  to  avoid  even  a 
momentary  delay  in  the  management  of  the  emer¬ 
gency.  Rigid  bronchoscopy  followed  by  flexible 
bronchoscopy  were  cited  as  the  initial  steps  in  the 
damage  evaluation  following  reintubation  and  sta¬ 
bilization  of  the  patient.  If  foreign  bodies  were  en¬ 
countered,  they  should  be  removed;  attempts  should 
be  made  to  wash  away  any  black  carbonaceous  de¬ 
bris  that  may  have  been  deposited  secondaiy  to  the 
fire.  This  publication  included  a  table  that  outlined, 
in  step-by-step  fashion,  the  management  of  an  air¬ 
way  explosion. 

During  the  same  year,  Fried62  reviewed  laser-re¬ 
lated  complications  cited  in  the  literature.  He  found 
four  reported  cases  of  direct  endotracheal  tube  igni¬ 
tions,  none  of  which  resulted  in  serious  sequelae.  It 
was  his  impression  that  the  “phase  of  development 
and  application  had  passed”  and  that  it  was  now 
time  to  “assess  possible  complications  of  wide¬ 
spread  use  of  this  remarkable  device.” 

Treyve,  et  al  (1981)6J  studied  the  incendiary  char¬ 
acteristics  of  four  different  types  of  endotracheal 


Laryngoscope  99:  August  1989 


Ossoff:  Laser  Safety 
7 


. .  ,1. 


was  to  cit'liiK'  sail-  laser  and  oxygen  concenlrauon 

]>a:a:M  : ;  .-'ado  the  possible  ijXTtit i« .n  «>i  an 

endotracheal  tube.  They  utilized  the  Cavitron  laser, 
which  had  a  2-ntm  spot  size  when  used  for  micro- 
laryngeal  laser  surgery,  and  found  that  the  poly- 

vinvl  chloride  (PVr'1  tub--,  without  an  in  :rc;:n;.t«  d 

line,  was  the  safest  tube  of  the  four  that  they  tested 
(American  Hospital  Supply  PVC  tube,  Portex  tube, 
polyvinyl  chloride  tube,  and  red  rubber  tube).  They 
also  found  that  the  impregnated  line,  common  to 
many  of  the  endotracheal  tubes,  exploded  violently 
and  represented  a  more  vulnerable  area  on  the 
American  Hospital  and  Portex  tubes  than  the  shaft 
itself.  Treyve,  et  al.  noted  that  their  findings  dif¬ 
fered  from  those  of  Meyers  and  others  who  had  con¬ 
cluded  that  the  red  rubber  tubes  were  safer  than  the 
PVC  tubes.  The  discussion  of  these  findings  by 
Treyve,  et  aL  was  noteworthy  because  it  drew  atten¬ 
tion  to  the  possible  existence  of  both  laser  and  tube 
variables. 

In  1982,  Yarington  and  Thompson64  published  a 
supplemental  report  to  their  1981  study  in  which 
they  studied  a  new  silicone  tube.  Although  they 
stated  that  the  previous  experimental  studies  using 
this  new  tube  were  duplicated,  the  oxygen  concen¬ 
tration  reference  they  cited  was  20%  rather  than  the 
30%  cited  in  their  1981  study.  These  authors  were 
unable  to  achieve  combustion  with  this  new  tube 
and  concluded  that  such  tubes,  in  oxygen  levels  of 
20%,  “might  offer  a  reasonably  safe  route  for  anes¬ 
thesia  when  using  the  carbon  dioxide  laser.” 

In  1981,  Ruder,  et  aL6i  retrospectively  reviewed 
253  cases  of  microlaryngeal  laser  surgery  performed 
using  jet  ventilation.  In  this  presentation,  the  au¬ 
thors  discussed  Abramson’s  modification  to  the 
Dedo  laryngoscope,  to  which  four  ports  were  added 
to  facilitate  placement  of  the  jet  ventilation  needle. 
The  orifice  of  the  needle  was  situated  below  the 
vocal  cords  in  all  cases  in  this  report.  Two  complica¬ 
tions  occurred  in  their  series— both  related  to  baro¬ 
trauma.  The  distally  located  (below  the  vocal  cords) 
jet  ventilation  needle  used  by  this  group  of  investi¬ 
gators  may  have  increased  the  potential  for  a  baro¬ 
trauma-type  injury  to  occur  in  their  patient  popula¬ 
tion.  These  authors  concluded  that  jet  ventilation 
was  superior  to  traditional  techniques  of  anesthesia 
for  laser  surgery  because  “the  endotracheal  tube 
was  eliminated,  thus  improving  the  surgical  field 
and  reducing  burn  hazards  owing  to  ignition  of  the 
tube."  They  cited  three  contraindications  to  the  use 
of  jet  ventilation:  J.  obesity;  2.  large  obstructing 
laryngeal  lesions;  and  3.  poor  chest  wail  or  lung  com¬ 
pliance. 

Kumar  and  Frost  (1981)**  described  another  endo¬ 
tracheal  tube  modification  for  laser  surgery.  Here, 
the  authors  applied  dental  acrylic  to  the  outside  of 
the  endotracheal  tube  to  protect  it  from  the  heat  and 
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man."  He  suggested  that  a  nonflammable  endotra¬ 
cheal  tube  would  solve  the  problem  and,  until  such  a 
tube  became  available,  jet  ventilation  should  be 
sir-  :.g!y  considered  as  the  anesthetic  technique  oi 
choice  for  patients  requiring  microlaryngeal  laser 
surgery. 

Wainwright,  et  al™  reviewed  their  anesthetic  ex¬ 
perience  for  microlaryngeal  laser  surgery  in  1981 
and  included  a  lengthy  description  of  the  disadvan¬ 
tages  of  wrapping  tubes.  They  also  pointed  out,  once 
again,  that  nitrous  oxide  supported  combustion  as 
efficiently  as  oxygen;  therefore,  reducing  the  oxy¬ 
gen  concentration  in  nitrous  oxide  would  do  nothing 
to  reduce  the  risk  of  laser-ignited  endotracheal  tube 
fires. 

Kalhan  and  Cascorbi69  reviewed  the  literature  and 
published  their  experiences  with  laser  surgery  in 
1981.  They  noted  six  problems  for  the  anesthesiolo¬ 
gist  that  the  use  of  lasers  in  otolaryngology  had 
created:  1.  shared  airway;  2.  possibility  of  airway 
fire;  3.  perforation  of  tube  cuff;  4.  drying  of  muslin 
or  cottonoids;  5.  possibility  of  ocular  injury;  and 
6.  need  for  paralysis.  Their  preferred  technique 
employed  small  endotracheal  tubes,  wrapped  either 
in  muslin  with  the  epidural  catheter  or  in  aluminum 
tape. 

During  the  same  year,  Cozine  and  her  co-workers70 
reported  the  first  serious  laser-ignited  endotracheal 
tube  fire.  The  accident  occurred  during  laser  surgery 
with  a  wrapped,  cuffed  PVC  tube  where  sahne- 
saturated  cottonoids  had  been  placed  to  protect  the 
cuff.  The  authors  concluded  that  the  laser  beam  had 
either  come  in  contact  with  the  unprotected  distal 
portion  of  the  tube  or  that  the  cottonoids  had  dried 
out  immediately  prior  to  the  fire.  Unlike  previously 
reported  cases  of  endotracheal  tube  fires  following 
laser  surgery  of  the  larynx  in  which  the  patient  re¬ 
covered  without  incident,  the  injury  suffered  by  the 
patient  in  this  instance  was  extensive  to  both  the 
airway  and  the  parenchyma  of  the  lung. 

Patel  and  Hicks  (1981)71  published  an  endotra¬ 
cheal  tube  study  in  which  they  compared  the  incen¬ 
diary  properties  of  the  Rusch  red  rubber  tube  and 
the  Portex  PVC  tube  in  an  in  vitro  experiment.  Mix¬ 
tures  of  25%  oxygen  and  60%  oxygen  in  nitrous  ox¬ 
ide  were  passed  through  the  tubes  in  a  controlled  en¬ 
vironment  while  the  laser  power  settings  were  at 
either  15  or  30  W,  and  the  time  settings  increased 
from  15  to  500  msec.  The  results  of  their  study  dem¬ 
onstrated  that  the  PVC  tubes  were  more  easily 
penetrated  and  ignited  more  readily  than  did  the  red 
rubber  tubes.  Based  on  these  results,  the  authors 
concluded  that  "Rusch  red  rubber  tubes  should  be 
used  in  preference  to  PVC  Portex  tubes.”  They  also 
concluded  that  the  tubes  had  to  be  protected  with 
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than  the  commonly  utilized  air,  LeJeune,  et  al.  were 
able  to  defuse  the  cuff  as  a  potential  kindling  site  for 
a  laser-ignited  endotracheal  tube  fire.  Their  solution 
to  the  cuff  problem  w'orked  because  the  saline  would 
either  act  as  a  heat  sink,  helping  to  prevent  perfora¬ 
tion  of  the  cuff,  or  in  case  the  cuff  became  perforated 
by  the  laser  beam,  the  saline-filled  cuff  would  act  as 
a  fire  hose,  spraying  the  area  with  saline  that  would 
cool  and  extinguish  any  potential  combustion. 

Healy  and  his  colleagues”  reviewed  their  unique, 
laser-related  complications  associated  with  per- 
forming  4,416  cases  of  surgery  of  the  aerodigestive 
tract  requiring  the  use  of  the  carbon  dioxide  laser  in 
1982.  They  identified  nine  complications  in  this 
group  of  4,416  cases,  for  an  overall  complication 
rate  of  0.2%.  Four  of  these  complications  were  asso¬ 
ciated  with  endotracheal  tube  fires,  all  of  which  oc¬ 
curred  early  in  their  experience,  prior  to  protecting 
the  tubes  with  reflective  metallic  tape.  A  fifth  fire 
occurred  while  Healy  and  his  colleagues  were  per¬ 
forming  rigid  bronchoscopic  carbon  dioxide  laser 
surgery;  here,  the  latex  cuff  around  the  broncho¬ 
scope  ignited.  The  sixth  fire  in  their  series  occurred 
when  a  surgical  sponge  used  to  occlude  a  tracheosto- 
ma  during  bronchoscopic  laser  surgery  suddenly  ig¬ 
nited.  None  of  the  fires  resulted  in  serious  injury. 
The  other  complications  in  their  series  included  a 
facial  burn  from  an  imperfectly  aligned  laser  beam 
heating  a  bronchoscope  that  was  in  contact  with  the 
skin  of  the  face,  and  two  cases  of  bleeding  while  re¬ 
secting  obstructing  tracheobronchial  carcinoma. 

Several  important  issues  related  to  safety  were 
discussed  by  Healy,  et  aL  First,  they  believed  that 
anesthetic  delivery  systems  presented  the  single 
greatest  risk  of  complications  associated  with  laser 
surgery.  Second,  they  supported  LeJeune’ s  contri¬ 
bution  of  filling  the  cuff  with  saline.  Third,  they 
warned  against  vaporizing  tissue  located  distal  to 
the  tip  of  the  endotracheal  tube  to  prevent  indirect 
ignition;  this  important,  potential  hazard  was  pre¬ 
viously  discussed  by  Hirshman  and  Smith.” 
Fourth,  they  suggested  cleaning  the  red  rubber 
tubes  with  acetone  and  spraying  them  with  benzoin 
prior  to  wrapping  with  the  reflective  metallic  tape. 
Their  description  of  tube  wrapping  was  the  most 
complete,  to  date,  in  the  literature.  Fifth,  Healy,  et 
aL  made  recommendations  about  the  anesthetic 
management  of  patients  with  tracheotomies,  and 
suggested  using  either  metal  tubes  or  reflective  - 
tape-wrapped  red  rubber  tubes.  Finally,  Healy  and 
his  colleagues  cautioned  against  using  mylar  tape, 
which  looked  like  the  reflective  metallic  tape,  but 
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authors  discovered  a  tear  in  the  anterior  tracheal 
wall  following  a  microlarvngeal  laser  procedure  per¬ 
formed  using  a  Norton  tube.  It  was  concluded  that 
the  tl'aci.i  w  i...,U,y  Was  most  niCuCfii  ir. 

portion  of  the  beam  passing  between  the  vocal  cords 
and  continually  striking  and  burning  through  the 
anterior  tracheal  wall.  The  patient  recovered  un¬ 
eventfully. 

In  1983,  Ossoff  and  Karlan”  presented  a  set  of  in¬ 
struments  that  they  developed  for  microlaryngeal 
carbon  dioxide  laser  surgery.  Their  rationale  for 
these  new,  modified  instruments  included  both 
safety  and  ease  of  use.  The  operating  platform  was 
“the  most  significant  instrument  in  the  set”  and 
served  as  a  “catcher’s  mitt  to  protect  the  cotton- 
oids,  endotracheal  tube  and  cuff,  and  tissues  of  the 
subglottic  larynx  from  any  direct  or  reflected  laser 
beam  irradiation.  Thus  the  risk  of  ignition  of  the  en¬ 
dotracheal  tube  is  markedly  reduced.”  They  stated 
that  the  surfaces  of  the  instruments  in  their  set  had 
been  treated  to  “provide  for  maximum  dispersion  of 
any  reflected  laser  energy.” 

Also  in  1983,  Ossoff,  etaL,t  reviewed  their  experi¬ 
ences  with  204  cases  and  12  laser-related  complica¬ 
tions  at  their  institution  over  a  2-year  period.  One 
extraluminal  endotracheal  tube  fire  that  occurred 
early  in  their  work  with  the  carbon  dioxide  laser 
prompted  a  departmental  review  and  “formulation 
and  implementation  of  a  laser  safety  protocol.”  All 
cases  included  in  this  paper  were  operated  upon  un¬ 
der  the  provisions  of  this  safety  protocol  that  in¬ 
cluded,  in  addition  to  many  of  the  previously  refer¬ 
enced  precautions,  a  few  new  items.  First,  Ossoff,  et 
al  inflated  the  endotracheal  tube  cuff  with  methy¬ 
lene-blue-colored  saline  to  facilitate  the  surgeon  dif¬ 
ferentiating  saline-saturated  cottonoids  (normal 
cuff)  from  saline-saturated  cottonoids  (perforated 
cuff).  In  the  latter  instance,  the  cottonoids  would 
turn  blue.  Second,  use  of  the  “operating  platform” 
was  recommended  as  an  added  layer  of  protection 
for  the  endotracheal  tube  cuff,  subglottic  larynx, 
and  saline-saturated  cottonoids.  Third,  the  entire 
face  find  neck  of  the  patient  were  protected  with  sa¬ 
line-saturated  surgical  towels  to  prevent  any  possi¬ 
bility  of  reflected  laser  burn.  In  the  past,  only  the 
lips  had  been  protected  with  saline-saturated  gauze 
sponges.  Fourth,  Ossoff  and  his  colleagues  man¬ 
dated  that  all  personnel  in  contact  with  the  laser  in 
the  operating  room  environment  have  some  “expo¬ 
sure  to  laser  education.”  Attendance  at  a  laser  edu¬ 
cation  program  became  the  primary  requirement  for 
certification  for  use  of  the  laser.  Attending  surgeons 
were  required  to  take  a  “hands-on”  laser  course 
prior  to  receiving  permission  to  use  the  laser:  “at¬ 
tendance  at  a  one-day  didactic  session  was  not  con¬ 
sidered  adequate.” 
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and  operating  room  personnel  had  to  attond  an  :r- 
service  conducted  by  the  depart:' .ent  o!  nursing.  *  <: 
the  12  complications  cited  in  this  publication.  2  won 
finger  burns  suffered  by  the  surgeon  and  10  were 
minor  patient-related  accidents.  No  instances  of  on¬ 
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while  working  under  the  aforementioned  safety  pro¬ 
tocol. 

Ossoff,  et  aL  ”  studied  the  tracheal  damage  secon¬ 
dary  to  laser-ignited  endotracheal  tube  fires  in  1983. 
After  a  5-second  exposure  to  a  planned,  laser-ignited 
endotracheal  tube  fire  using  either  red  rubber,  poly¬ 
vinyl  chloride,  or  silicone  tubes  in  a  30%  oxygen, 
70%  nitrous  oxide  anesthetic  gas  mixture,  the  ex¬ 
perimental  animal  was  killed  and  sections  of  the  tra¬ 
chea  were  submitted  for  histologic  evaluation.  Poly¬ 
vinyl  chloride  tubes  caused  the  most  damage,  both 
grossly  and  histologically,  and  this  group  of  investi¬ 
gators  stated  that  they  should  not  be  used  for  laser 
surgery.  Because  silica  ash  was  found  throughout 
the  tracheobronchial  tree  after  the  fires  using  the 
silicone  tube,  Ossoff,  et  aL  cautioned  against  its  use 
until  the  effects  of  this  ash  could  be  determined.  The 
least  gross  and  histological  damage  was  noted  fol¬ 
lowing  the  fires  using  the  red  rubber  tubes,  and  the 
authors  concluded  that  these  tubes,  when  wrapped 
with  reflective  tape,  probably  were  the  safest  to  use 
for  carbon  dioxide  laser  surgery. 

Later  that  same  year,  Ossoff  and  Harlan78  pre¬ 
sented  “Safe  Instrumentation  in  Laser  Surgery”  in 
which  they  discussed  three  general  areas  of  concern: 
1.  nonflammable  instrumentation;  2.  nonreflective 
instrument-surface  preparation;  and  3.  provision  for 
adequate  smoke  evacuation.  A  detailed  description 
of  the  anesthetic  management  of  the  airway  in  pa¬ 
tients  undergoing  microlaryngeal  laser  surgery  was 
included  in  this  paper.  Specifically,  the  authors 
noted  that,  at  the  time  of  their  publication,  a  “uni¬ 
versally  accepted  endotracheal  tube  for  carbon  diox¬ 
ide  laser  surgery  of  the  upper  aerodigestive  tract” 
did  not  exist.  They  advocated  using  the  Rusch  red 
rubber  tube  wrapped  with  reflective  tape. 

Fried  (1983)1  presented  the  results  of  “A  Survey 
of  the  Complications  of  Laser  Laryngoscopy”  that 
he  had  sent  out  to  229  members  of  a  senior  otolaryn¬ 
gology  society.  His  results  were  based  upon  re¬ 
ceiving  responses  from  210  of  the  229  polled  oto¬ 
laryngologists  (91.7%  response  rate).  Fifty-seven  re¬ 
spondents  did  not  use  the  laser  (27.2%)  and  another 
103  surgeons  used  the  laser  without  any  complica¬ 
tions  (49%).  The  remaining  49  otolaryngologists 
(23.3%)  had  all  experienced  at  least  one  complica¬ 
tion  while  using  the  laser.  Fried  commented  that  he 
thought  the  laser-associated  complication  rate  was 
higher  than  that  suggested  by  the  literature;  this 
hypothesis  was  proven  by  his  survey,  which  identi¬ 
fied  28  instances  of  endotracheal  explosion,  9  facial 
burns,  3  endotracheal  tube  cuff  ignitions  and  2  cot- 


.  ...  i„;  present ;ui> it;.  The  d.'i  documented  igni- 

n)f<  ri. -r”  .  -n  ...  • 

■  :  •  >r:r\  ::*;<>]« .gh  ;>  was  In •» h  >t !  iking  aiui  alarming. 
Fried  postulated  that  perhaps  there  was  no  direct 
correlation  between  "increased  experience  leading 
to  fewer  complications”  with  respect  to  laser  sur¬ 
ging.  He  concluded  that  both  the  otolaryngologist 
and  anesthesiologist  “should  have  adequate  knowl¬ 
edge  and  training”  before  using  the  laser  clinically 
in  their  practice. 

During  the  same  year,  Woo  and  Vaughan79  intro¬ 
duced  the  idea  of  using  Norton’s  metal  tube  as  a 
conduit  for  jet  ventilation.  They  cited  several  ad¬ 
vantages  of  this  all-metal  system:  the  most  obvious 
being  the  elimination  of  all  potentially  flammable 
materials  from  the  airway. 

Chilcoat,  et  al.  (1983)80  published  a  short  message 
in  the  anesthesiology  literature  discussing  “The 
Hazard  of  Nitrous  Oxide  During  Laser  Endoscopic 
Surgery.”  Once  again,  it  was  stressed  that  the  re¬ 
duction  in  oxygen  concentration  by  dilution  with 
nitrous  oxide  did  not  provide  any  additional  safety 
when  performing  laryngeal  laser  surgery.  Chilcoat 
went  on  to  recommend  the  use  of  either  nitrogen, 
air,  or  helium,  when  it  was  desired  to  reduce  the  oxy¬ 
gen  concentration  in  the  anesthetic  gas  mixture  to 
levels  of  30%  or  less  for  laser  surgery. 

Hermens,  et  al.6'  published  an  extensive  review  of 
the  literature  as  it  related  to  anesthesia  for  laryn¬ 
geal  laser  surgery  in  1983.  They  reemphasized  that 
nitrous  oxide  supported  combustion  almost  as  well 
as  oxygen.  Other  important  observations  included 
their  suggestion  that,  since  both  red  rubber  and 
PVC  tubes  have  been  demonstrated  to  burn,  ade¬ 
quate  protection  in  the  form  of  reflective  tape  and 
saline-saturated  cottonoids  should  be  used  with 
each,  to  minimize  the  risk  of  combustion.  These  au¬ 
thors  were  the  first  to  use  copper  metallic  tape  as  an 
alternative  to  aluminum  tape  for  tube  wrapping. 
Additionally,  they  calculated  the  reported  incidence 
of  endotracheal  tube  ignition  to  be  between  0.4% 
and  1.5%,  based  on  reported  cases  in  the  literature. 

Brightwell  (1983)*2  published  a  case  report  in 
which  he  described  a  severe  case  of  epistaxis  requir¬ 
ing  posterior  packing  and  transfusion  for  manage¬ 
ment,  following  nasotracheal  intubation  with  a  re¬ 
flective  tape-wrapped  endotracheal  tube  for  laser 
surgery.  He  labeled  this  case  as  a  complication  of 
laser  surgery. 

Norton  (1983)”  published  a  review  of  anesthetic 
techniques  for  laryngeal  laser  surgery.  He  cited  four 
hazards  unique  to  the  use  of  the  laser  2.  fire 
hazards;  2.  improper  focusing  of  the  incident  beam; 
3.  perforation  of  tissues;  and  4.  beam  reflection.  This 
article  contained  an  excellent  review  of  the  prin¬ 
ciples  of  Venturi  ventilation.  Norton  also  included  a 


Laryngoscope  99:  August  1989 
10 


Ossoff:  Laser  Safety 


\v;!.-  no  lonm-r  otnsitieud  experiment;!  He  reier- 
*•:.) v\.  o  i',\  i;;M  i'  m.:  ^'-r\  *,  :  .>niru  u  at 

Boston  University  and  stated  that  "failure  to  obtain 
proper  instruction  places  the  burden  on  the  physician 
and  hospital  to  demonstrate  adequate  preparation 
for  this  deceptively  simple  therapeutic  modality." 

Andrews"4  reviewed  his  10-year  experience  with 
304  patients  and  734  surgeries  using  the  carbon  di¬ 
oxide  laser  in  1984.  No  accidents  occurred  that  were 
directly  related  to  the  use  of  the  laser.  In  all  cases,  a 
red  rubber  tube  wrapped  with  aluminum  tape  was 
used,  and  the  concentration  of  oxygen  in  the  anes¬ 
thetic  gas  mixture  was  maintained  below  50%. 

In.  1984,  Johans  and  Reichert*5  published  a  modi¬ 
fication  of  the  Andrews  anterior-commissure  retrac¬ 
tor  for  use  as  a  delivery  device  for  jet  ventilation,  in 
cases  where  the  pathology  occurred  in  the  subglottic 
/  larynx.  Benjamin86  reviewed  anesthetic  techniques 
for  laryngoscopy  and  presented  a  new  laryngoscope 
with  a  jet  ventilation  adapter  during  the  same  year. 
He  described  his  new  pediatric  laryngoscope  with 
insufflation  channel  as  being  particularly  useful  for 
laser  surgery. 

During  the  same  year,  Silver  and  his  co-workers87 
reported  a  new  prototype  airway  system  for  laser 
surgery.  This  involved  the  use  of  a  “parachute  cuff” 
mounted  on  a  Norton  endotracheal  tube. 

Hayes,  et  aL 88  presented  results  from  their  inves¬ 
tigation  of  the  incendiary  characteristics  of  a  new 
“laser-resistant”  endotracheal  tube  in  1984.  They 
compared  the  new  tube  with  a  polyvinyl  chloride 
tube  and  a  red  rubber  tube  in  both  varying  oxygen / 
nitrous  oxide/nitrogen  concentrations,  as  well  as 
varying  laser  power  settings.  Hayes,  et  aL  did  not 
wrap  any  of  these  tubes  because  they  wanted  to 
study  the  tube  itself,  and  not  any  artificial  protec¬ 
tion  administered  to  the  tube.  They  found  the  new 
“laser-resistant”  silicone  tube  most  resistant  to 
laser  energy;  in  fact,  it  only  ignited  when  exposed  to 
continuous  laser  irradiation  for  between  2  to  6  sec¬ 
onds  at  laser  power  settings  higher  than  would  nor¬ 
mally  be  used  in  performing  microlaryngeal  laser 
surgery.  It  would  not  ignite  when  exposed  to  single 
laser  pulses  of  up  to  25  W  for  1  second  Increasing 
the  oxygen  concentration  made  the  “laser-re¬ 
sistant”  tube,  as  well  as  the  PVC  and  red  rubber 
tubes,  more  susceptible  to  combustion.  Hayes,  etal 
suggested  using  the  lowest  oxygen  concentration 
(less  than  30%)  “consistent  with  safe  patient  man¬ 
agement.”  They  stated  that  the  risk  of  endotracheal 
tube  ignition  substantially  increased  when  oxygen 
concentrations  greater  than  30%  were  used 

In  1985,  Ohashi  and  his  colleagues89  studied  the 
hazard  to  endotracheal  tubes  posed  by  the  carbon 
dioxide  laser.  They  irradiated  polyvinyl  chloride  and 
silicone  tubes  in  different  oxygen  concentrations 
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lour  layers  o;  saline-saturated  cottonoids  were  re¬ 
quired  to  protect  the  cuff  from  penetration  by  the 
laser  beam. 

In  1985,  O'Sullivan  and  Healy'"  published  an  ex¬ 
cellent  and  extensive  review  of  the  complications  of 
jet  ventilation  during  microlaryngeal  laser  surgery. 
They  found  seven  reported  complications,  including 
one  death,  in  the  literature  and  added  an  eighth  com¬ 
plication— a  case  of  bilateral  pneumothorax  in  an 
11-week-old  infant. 

Also  in  1985,  Pashayan  and  Gravenstein91  pub¬ 
lished  a  manuscript  entitled,  “Helium  Retards  Endo¬ 
tracheal  Tube  Fires  from  Carbon  Dioxide  Lasers.” 
Because  both  oxygen  and  nitrous  oxide  have  been 
previously  shown  to  support  combustion  of  endotra¬ 
cheal  tubes  near  laser  energy,  the  authors  investi¬ 
gated  two  inert  gases— helium  and  nitrogen— to 
determine  if  the  addition  of  one  of  these  gases  to 
oxygen  could  delay  ignition  of  endotracheal  tubes, 
when  exposed  to  a  carbon  dioxide  laser  beam.  Their 
study  was  well  designed  and  analyzed  in  an  appro¬ 
priate  manner.  They  concluded  that  helium,  but  not 
nitrogen,  significantly  retarded  endotracheal  tube 
ignition  (PVC  tubes)  when  it  was  present  in  a  con¬ 
centration  of  60%  or  more,  and  the  laser  was  set  to 
10  W  or  less  of  energy  bursts  of  10  seconds  or  less. 
The  addition  of  2%  halothane  to  the  gas  mixture 
slightly  reduced  the  beneficial  effects  of  helium.  The 
radiopaque  barium  sulfate  stripe  on  the  endotra¬ 
cheal  tube  was  also  tested  and  was  found  to  be  far 
more  flammable  than  the  PVC  tube.  For  this  reason, 
these  investigators  have  suggested  that  the  tube  be 
turned  so  that  this  stripe  would  lie  outside  of  the 
laser’s  range,  or  better,  that  tubes  without  these 
stripes  be  used  for  laser  surgery.  Pashayan  and 
Gravenstein  did  not  recommend  wrapping  the  PVC 
tubes  with  any  protective  tape  or  using  saline- 
saturated  cottonoids  to  protect  the  cuff. 

Lim  and  Kenney  (1986)”  reviewed  3,500  otolaryn¬ 
gologic  procedures  in  which  they  had  used  the  car¬ 
bon  dioxide  laser.  The  authors  reported  a  0.17% 
complication  rate  with  6  instances  of  laser-related 
patient  complications  in  the  3,500  cases;  1  of  these 
complications  was  a  laser-ignited  endotracheal  tube 
fire  that  occurred  in  a  patient  intubated  with  a 
Rusch  red  rubber  tube. 

Review  of  the  literature  to  this  point  has  demon¬ 
strated  that  the  true  state  of  the  art  with  respect  to 
the  safe  anesthetic  management  of  the  airway  of  the 
patient  undergoing  carbon  dioxide  laser  surgery  of 
the  larynx  has  not  yet  been  adequately  defined.  Spe¬ 
cifically,  a  well-read  otolaryngologist— head  and 
neck  surgeon  or  anesthesiologist  would  have  found 
that  there  had  not  been  uniform  agreement  in  the 
literature  regarding  the  choice  of  anesthetic  tech- 
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gas  mixture.  Furthermore,  the  well-read  otolaryn¬ 
gologist  would  have  also  questioned  whether  at¬ 
tendance  at  a  laser  course,  as  recommended  by  Nor- 
tnn,"  wn’ild  have  helped  to  reduce  the  risk  of  lasi-r- 
iguitiu  tune  lues  ana  otiic-r  complications  asso¬ 
ciated  with  the  use  of  this  technology. 

Fried’s  publication2  discussing  the  results  of  the 
survey  he  conducted  on  laser-related  complications 
experienced  by  members  of  a  senior  otolaryngology 
society  certainly  reinforced  Norton’s  recommenda¬ 
tion.  Until  the  time  of  Fried’s  presentation  at  the 
1983  Annual  Meeting  of  the  American  Society  for 
Head  and  Neck  Surgery,  there  had  been  a  signifi¬ 
cant  number  of  publications  in  both  the  anesthesi¬ 
ology  and  otolaryngology— head  and  neck  surgery 
literature  that  specifically  warned  the  reader  of  the 
risk  bf  an  endotracheal  tube  fire  when  performing 
microlaryngeal  surgery  with  the  carbon  diokide 
laser.  His  presentation,  detailing  28  endotracheal 
tube  fires,  3  endotracheal  tube  cuff  ignitions,  and  2 
cottonoid  ignitions  among  a  total  of  81  complica¬ 
tions  reported  by  47  of  the  210  respondents  to  his 
survey,  certainly  raised  doubts  about  the  adequacy 
of  the  literature  as  a  method  of  transferring  vital  in¬ 
formation  concerning  laser  safety  to  the  practicing 
otolaryngologist— head  and  neck  surgeon. 

MATERIALS  AND  METHODS 

The  discussion  of  the  materials  and  methods  used  in  this  study 
is  divided  into  two  sections.  The  first  part  deals  exclusively  with 
the  “hands-on”  laser  surgery  course  and  the  questionnaire  on 
laser-related  complications  mailed  to  all  past  registrants  of  the 
workshop.  The  second  part  describes  the  materials  and  methods 
used  to  perform  the  tests  on  the  incendiary  characteristics  of  the 
endotracheal  tubes  used  in  this  study. 

Survey  of  Laser-Related  Complications 

In  an  attempt  to  determine  if  attendance  at  a  “hands-on”  laser 
surgery  course  might  lead  to  a  reduced  rate  of  laser-related  com¬ 
plications  experienced  by  otolaryngologists  who  attended  the 
course  when  compared  to  a  selected  group  of  otolaryngologists 
who  were  members  of  a  senior  otolaryngology  society  previously 
surveyed  by  Fried  (1984)’  solely  on  the  basis  of  their  society 
membership,  a  similar  questionnaire  to  that  published  by  Fried 
was  developed  (Table  I).  This  questionnaire  was  mailed  to  337 
otolaryngologist— head  and  neck  surgeons  in  attendance  at  a 
“hands-on"  laser  surgery  course  between  August  1981  and 
December  1985.  The  didactic  portion  of  the  course  stressed  laser 
biophysics,  tissue  interactions,  applications  in  the  larynx,  oral 
cavity,  and  tracheobronchial  tree,  anesthetic  techniques  and  pre¬ 
cautions,  and  laser  safety  (Table  II).  During  the  didactic  section 
of  this  course,  a  laser  safety  protocol  was  discussed  in  detail;  as 
changes  in  the  state  of  the  art  with  respect  to  laser  safety 
evolved,  this  protocol  was  updated  (Table  III).  All  complications 
either  experienced  by  the  faculty  of  the  course,  published  in  the 
literature,  or  presented  at  a  national  or  regional  meeting  were 
discussed  and  wmlnfld  to  emphasize  for  the  registrants,  what 
could  go  wrong,  why  it  went  wrong,  and  how  to  avoid  it.  Video¬ 
tapes  demonstrating  the  exercises  to  be  performed  in  an  intro¬ 
ductory  lab,  a  microlaryngeal  lab,  a  macroscopic  lab,  and  a  bron- 
choscopic  fab  were  shown  before  course  participants  were  al¬ 
lowed  to  perform  these  exercises  under  the  supervision  of  the 


>bL-  NO 

2  Were  you  using  tr.is  >t:s «;*r  prior  :c  attending  the  "hands-c-n"  workshop9 

YE?  ‘  NO 

9  '--'0  h.V.'f  ;.*•  •  ■  0  *  c  kS^Op? 

v..i>  cu-iii-e  i -- bi -  — '  c-w  ,  ur  to  use  trie  iaser  clinically? 

YES. _  NO _ 

5  Do  you  trunk  vou  would/could  have  begun  to  use  the  laser  clinically  with¬ 
out  a  "hands-on"  course? 

YES _ _  NO 

6  Did  you  use  the  laser  in  a  lab  or  on  cadaver  material  upon  your  return 
from  taking  the  course  prior  to  using  it  clinically? 

YES _  NO _ 

7.  Have  you  performed  any  basic  scientific  investigations  in  your  lab  or  hos¬ 
pital  usinq  the  laser,  i.e.,  histological  studies,  etc.? 

YES _  NO _ 

It  you  answered  yes,  please  describe  the  study. 

8  How  long,  approximately,  did  it  take  you  to  become  comfortable  using 
the  laser  clinically? 

9  In  what  percentage  of  your  microlaryngoscopy  cases  do  you  use  the 
laser? 

10.  In  what  percentage  of  your  bronchoscopy  cases  do  you  use  the  laser? 

11.  In  what  type  of  endoscopic  cases  do  you  find  the  laser  most  useful? 

12.  In  what  type  of  endoscopic  cases  do  you  find  the  laser  least  useful? 

13  Are  there  any  endoscopic  cases  in  which  you  lind  the  laser  absolutely  in¬ 
dicated.  i.e.,  you  would  not  do  them  without  the  laser?  If  so,  which  cases? 

YES _  NO _ _ 

14.  Approximately  how  many  endoscopic  laser  cases  have  you  performed? 
Approximately  how  many  endoscopic  cases  do  you  perform  each 
month? 


15.  Have  you  found  the  safety  protocol  taught  during  the  "hands-on"  work¬ 
shop  that  you  attended  to  be  efficacious? 

YES _  NO _ 

If  no.  please  elaborate. 

16.  Have  you  had  an^  complications)  using  the  carbon  dioxide  laser? 


If  yes,  how  many  complications)  have  you  had? 

Did  the  complications)  occur  before  or  after  taking  the  course? 
RFFORF  AFTER 


17.  If  you  have  had  complications),  please  list  them  and  the  eventual  out¬ 
come.  Use  the  back  of  this  sheet  if  necessary. 

Surgical  Procedure  Complication  Outcome 


18.  Do  you  have  any  specific  ideas  on  how  laser  education  could  be  im¬ 
proved? 

YES _  NO _ 

tf  yes.  please  elaborate. 

Thank  you  for  taking  the  time  to  fill  out  this  questionnaire. 


faculty.  An  endotracheal  tube  fire  was  demonstrated  at  each 
course  at  the  end  of  the  first  day’s  microlaryngeal  laboratory.  A 
second  microlaryngeal  laboratory  was  conducted  on  day  2;  this 
served  to  reinforce  the  skills  required  to  perform  microlaryngeal 
laser  surgery  using  the  unique  delivery  system  (micromanipu¬ 
lator  and  joy  stick)  required  for  laryngeal  laser  surgery.  A  syl¬ 
labus  was  distributed  that  contained  outlines  of  the  laboratory 
exercises  with  suggested  power  density  settings,  reprints  of  im¬ 
portant  laser-related  publications  including  those  on  safety  and 
complications,  abstracts  of  each  lecture  given  during  the  course, 
and  a  list  of  up-to-date  references  on  the  use  of  the  carbon  diox¬ 
ide  laser  in  otolaryngology— head  and  neck  surgery. 


Tests  on  the  Incendiary  Characteristics 
of  Endotracheal  Tubes 


Experiments  on  the  incendiary  characteristics  of  the  endotra¬ 
cheal  tubes  used  in  this  study  were  divided  into  three  parts. 
First,  the  tubes  were  tested  in  the  presence  of  varying  oxygen 
concentrations  diluted  in  either  helium  or  nitrogen  using  the 
laser  in  the  shuttered  (pulsed)  mode  with  0.1-second  exposures. 
After  completion  of  this  first  part  of  this  experiment,  the  tubes 
were  then  tested  using  the  same  protocol  with  one  exception— 
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Dev  ’ 


UiGc.CUC  Pot  hi.  !'>. 

1.  Laser  Physics  and  Tissue  Interaction. 

2  Laser  Surgery  for  Benign  Laryngeal  Disease. 

3.  Laser  Surgerv  of  the  Oral  Cavity 

4.  Endoscopic  Management  of  Selected  Early  Glottic  Carcinomas. 

5.  Anesthetic  Techniques  ano  Precautions. 

Laboratory  Exercises: 

1 .  Introductory  Laser  Laboratory. 

2.  Laryngeal  Applications  Laboratory  I. 

3.  Demonstration:  Endotracheal  Tube  Fire. 

_ Day  2 _ 

Didactic  Portion: 

1 .  Advantages.  Precautions,  and  Complications. 

2.  Bronchoscopic  Laser  Surgery. 

Laboratory  Exercises: 

1.  Laryngeal  Applications  Laboratory  II. 

2.  Bronchoscopic  Laser  Laboratory. 

3.  Oral  Cavity/Oropharyngeal  Laser  Laboratory. 

4.  Final  Discussion. 


the  laser  was  now  used  in  the  continuous  mode.  The  third  part  of 
this  experiment  studied  the  thermal  absorptive  qualities  of  each 
tube,  using  a  thermocouple. 

Gases  were  delivered  through  the  circuit  of  a  Vemitrol®  Vapor¬ 
izing  System  laboratory  anesthesia  unit  (Ohmeda  Products,  Di¬ 
vision  of  the  BOC  Group,  Inc.)  at  a  rate  of  2.5  or  3  liters  per  min¬ 
ute.  These  flow  rates  simulated  standard  anesthesia  conditions 
in  the  adult;  the  reduced  flow  rate  of  2.5  liters  per  minute  was 
used  in  the  2%  halothane  experiments  to  facilitate  reading  the 
concentrations  of  halothane  in  oxygen  when  using  the  Vemitrol 
Vaporizing  System.  The  final  oxygen  concentration  was  mea¬ 
sured  using  an  Instrumentation  Laboratory  Sensor  Labs  Divi¬ 
sion  oxygen  analyzer.  The  endotracheal  tube  was  suspended 
from  a  ringstand  (Fig.  1);  a  flame-retardant  shield  was  placed  be¬ 
neath  the  tube  to  protect  the  laboratory  counter  top  from  igni¬ 
tion,  and  a  Geraci-Miller  gas  evacuator  was  used  to  collect  the 
anesthetic  gases  exiting  from  the  distal  end  of  the  tube  (Fig.  2). 
A  Kelly  clamp  was  positioned  on  the  gas  hose  leading  from  the 
anesthesia  machine  to  the  tube  to  facilitate  clamping  the  hose 
when  a  fire  occurred,  thus  shutting  off  the  supply  of  oxygen 
flowing  to  the  tube  which  in  turn  would  help  to  extinguish  the 
experimental  laser-ignited  tube  fire.  Once  the  fire  was  extin¬ 
guished.  the  burned  portion  of  the  tube  was  discarded  and  the  re¬ 
mainder  of  the  tube  was  allowed  to  cool  for  90  seconds  before  the 
next  trial 

A  Sharp lan®  model  733  carbon  dioxide  laser  with  a  maximum 
power  output  of  40  W  was  used.  The  laser  was  coupled  to  a  Zeiss 
operating  microscope  using  the  Sharp  lan  microslad  coupler  (Fig. 
3).  The  microscope  objective  lens  and  laser  focusing  lens  used  for 
these  studies  had  a  focal  length  of  400  mm  which  produced  a 
surgical  spot  size  of  0.8  mm.  Laser  calibrations  were  performed 
prior  to  beginning  these  experiments,  using  a  Coherent*  power 
meter.  Hie  laser  was  used  at  powers  of  10  (1,992  W/cm1),  15 
(2,988  W/cm1).  and  20  (3,984  W/cm1)  W  in  the  shuttered  mode  for 
a  maximum  of  60  pulses  (each  pulse  lasting  for  0.1  second  in 
1 -second  intervals)  and  in  the  continuous  mode  for  a  maximum  of 
180  seconds.  The  repeat  pulse  mode  was  not  used  in  this  study. 
The  number  of  pulses  or  time  in  seconds  required  by  the  laser  to 
ignite  the  tube  was  recorded.  The  angle  of  incidence  was  90s. 
Each  gas  mixture  was  tested  at  each  power  setting  for  a  mini¬ 
mum  of  13  times  in  the  pulsed  mode  and  eight  times  in  the  con¬ 
tinuous  mode. 

Using  the  above-referenced  protocol  National  Catheter  6.0-mm 
ID.  polyvinyl  chloride  endotracheal  tubes,  Rusch*  red  rubber 


I.  Eye  prelection 

1.  Tape  pabt-n:  ;>  «.-> e-x-  tiv. 

2.  Double  layer  of  saline-saturated  eye  pads  placed  over 
the  patient's  eyes 

B  Operating  room  pc-rscnne1 

1  Wear  protective  glasses  with  side  protectors 
2.  Surgeon  does  not  require  protective  glasses  when  work¬ 
ing  with  the  operating  microscope 

C.  Warning  signs 

1.  Placed  outside  of  all  entrances  into  the  operating  room 
where  the  laser  is  used 

2.  Caution  persons  entering  the  room  that  the  laser  is  in  use 
and  that  protective  glasses  are  required 

D.  Limited  access 

1 .  Limit  traffic  into  the  operating  room  when  the  laser  is  in 
use 

2.  Keep  doors  to  the  operating  room  closed  when  laser  is  in 
use 

II.  Skin  protection 

A.  Use  a  double  layer  of  saline-saturated  surgical  towels,  sur¬ 
gical  sponges,  or  lap  pads  to  cover  all  exposed  skin  and 
mucous  membranes  of  the  patient  outside  of  the  surgical 
field 

1 .  Keep  this  protective  layer  wet  during  the  case 

2.  Do  not  forget  to  protect  the  teeth,  when  exposed 

B.  When  microlaryngeal  surgery  is  performed,  the  patient's 
face  is  completely  draped  with  saline-saturated  towels 

III.  Smoke  evacuation 

A.  Aspirate  laser-induced  smoke  from  the  operative  field 

B.  Have  two  separate  suction  setups  available  in  the  operating 
room 

1 .  One  suction  for  laser-induced  smoke  and  steam 

2.  One  suction  for  blood  and  mucous 

C.  Use  fitters  in  the  suction  lines  lor  the  laser-induced  smoke 
and  steam 

IV.  Anesthetic  considerations 

A.  Use  of  nonflammable  general  anesthetic 

B.  Limit  oxygen  concentration  to  maximum  of  40% 

1.  Mix  oxygen  with  helium,  nitrogen,  or  air — do  not  use 
nitrous  oxide 

2.  Mix  oxygen  with  helium 

C.  Use  Rusch  red  rubber  endotracheal  tube  wrapped  with  re¬ 
flective  metallic  tape 

D.  Protection  of  the  endotracheal  tube  cuff 

1.  Use  saline-saturated  cottonoids  to  protect  the  endotra¬ 
cheal  tube  cuff 

a.  Keep  the  cottonoids  moist 

b.  Count  the  cottonoids 

2.  Inflate  the  cuff  with  saline 

3.  Use  methylene  blue  colored  saline  to  inflate  cuff 

4.  Use  the  operating  platform 

V.  Instrument  selection 

A.  Use  of  wide-bore  microlaryngoscope 

B.  Choose  instruments  with  a  non  reflective  surface 


6.0-mm  ID.  endotracheal  tubes,  and  Xomed  Laser-Shield*  6.0-mm 
I.D.  endotracheal  tubes  were  tested  with  100%  oxygen  using  the 
laser  in  the  shuttered  mode.  Because  the  laser  burned  through 
the  PVC  tube  before  it  ignited,  a  sheet  of  white  paper  was  placed 
under  the  tube,  thereby  allowing  the  number  of  pulses  required 
to  burn  through  the  tube  to  be  recorded.  Following  the  experi¬ 
ments  using  100%  oxygen,  similar  studies  were  run  using  30%, 
40%,  and  60%  oxygen  in  nitrogen  and  30%,  40%,  and  50%  oxy¬ 
gen  in  helium.  The  oxygen  or  oxygen  gas  mixture  was  delivered 
at  3  liters  per  minute.  Following  this  part  of  the  study,  PVC 
tubes  wrapped  in  either  3-M  f  425  or  Radio  Shade  #44-1155  alu¬ 
minum  tape  were  tested  with  100%  oxygen,  using  the  above-ref¬ 
erenced  laser  parameters. 
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Fig.  1 .  Rusch  red  rubber  endotracheal  tube  suspended  from  a  ring- 
stand  (arrow).  Note  the  flame-retardant  shield  beneath  the  tube  (A) 
and  the  distal  end  of  the  Geraci-Miller  gas  evacuator  in  the  field  (B). 


In  the  second  part  of  this  experiment.  National  Catheter  PVC, 
Rusch  red  rubber,  and  Xomed  Laser-Shield  endotracheal  tubes 
were  tested  using  the  laser  in  the  continuous  mode;  here,  30%, 
40^>,  and  50%  oxygen  in  both  nitrogen  and  helium  (3  liters  per 
minute)  were  tested,  as  in  the  first  part  of  this  study  described 
previously.  Following  completion  of  this  part  of  the  experiment, 
the  effects  of  adding  2%  halothane  to  the  oxygen  gas  mixtures 
was  studied. 

The  endpoint  of  each  trial  was  determined  by  one  of  the  follow¬ 
ing;  1.  onset  of  an  intraluminal  fire  that  continued  to  burn  be¬ 
tween  laser  pulses;  2.  delivery  of  a  total  of  60  laser  pulses  with¬ 
out  the  onset  of  an  intraluminal  fire  (first  set  of  experiments);  or 
3  delivery  of  180  seconds  of  continuous  laser  energy  without  the 
onset  of  an  intraluminal  fire  (second  set  of  experiments).  When  a 
surface  (extraluminal)  fire  occurred  during  a  trial  (this  occurred 
in  the  Rusch  red  rubber  tubes  only),  the  time  was  recorded  and 
the  gas  evacuator  was  moved  close  to  the  tube  to  control  the  fire, 
allowing  the  trial  to  be  continued  until  one  of  the  endpoints  was 
reached. 

Upon  completion  of  this  aspect  of  the  research  project,  the 
PVC,  red  rubber,  and  Laser  Shield  tubes  were  wrapped  in  both 
3-M®  #425  and  Radio  Shack*  #  44-1 155  metallic  tape  and  tested 
with  the  laser  in  the  continuous  mode  at  10, 15,  and  20  W  respec¬ 
tively,  in  100%  oxygen  flowing  at  3  liters  per  minute.  Each  tube 
was  irradiated  until  either  a  Are  occurred  or  180  seconds  elapsed. 

In  the  third  part  of  this  study,  the  heat  absorptive  qualities  of 
each  tube  were  measured  using  a  Hewlett-Packard*  model  347B 
digital  multimeter  thermocouple  with  Chromel-Alumel  type 
thermocouple  wire.  An  ice  bath  at  0°C  was  used  as  the  reference 


Fig.  2.  Geraci-Miller  gas  evacuator  (A)  next  to  Zeiss  operating 
microscope  (B).  The  Vemttrol  laboratory  anesthesia  unit  (C)  and 
Sharptan  carbon  dioxide  laser  (D)  are  in  the  foreground. 


Fig.  3.  Articulated  arm  of  the  Sharplan  laser  (arrow)  coupled  to  the 
Zeiss  operating  microscope  (A)  using  the  Sharplan  microslad 
coupler  (B).  Note  the  thermocouple  (C)  on  the  laboratory  counter  top 


junction,  and  the  measuring  end  of  the  wire  was  placed  against 
the  upper  wall  of  the  interior  of  the  tube  with  the  end  of  the  wire 
immediately  distal  to  the  laser  impact  site.  Measurements  were 
made  at  5-second  intervals,  with  an  accuracy  range  of  5°C.  The 
tube  was  irradiated,  using  the  laser  at  20  W  in  the  continuous 
mode,  until  either  the  tube  was  penetrated  or  until  180  seconds 
elapsed.  These  studies  were  conducted  in  room  air  without  any 
gas  mixtures  passing  through  the  tube. 

The  data  generated  by  these  experiments  were  analyzed  using 
computer  software  produced  by  Systat  Inc.  The  following  statis¬ 
tical  tests  were  run  using  Systat:  1.  two-way  analysis  of  vari¬ 
ance;  Z  Student’s  f-test;  3.  Wilcoxen  rank  (Fisher)  test;  and 
4.  rank-sum  test.  The  two-way  analysis  of  variance  could  be  used 
only  when  all  three  trials  ignited  at  all  three  powers.  The  Stu¬ 
dent's  f-test  was  used  to  compare  two  sample  populations  in  the 
study  when  all  trials  in  both  sample  populations  ignited.  When 
some  tubes  in  a  trial  in  one  or  both  sample  populations  failed  to 
ignite,  the  Student’s  t-test  could  not  be  applied;  in  these  in¬ 
stances,  the  Wilcoxen  rank  test  (Fisher  test)  and/or  rank-sum 
test  were  used  to  analyze  the  data. 

RESULTS 

Survey  of  Laser-Related  Complications 

Of  the  337  questionnaires  sent  out  to  participants 
in  the  “hands-on”  laser  surgery  course,  23  were  re¬ 
turned  by  the  post  office  for  lade  of  a  forwarding  ad¬ 
dress  and  253  were  returned  completed;  this  repre¬ 
sented  a  75%  response  rate.  Thirty-five  respondents 
(13.8%)  did  not  use  the  laser  in  their  practice. 
Thirty-eight  former  registrants  in  the  course  (15%) 
had  used  the  laser  prior  to  attending  the  course,  and 
an  additional  180  respondents  (71.1%)  used  the  laser 
after  attending  the  course.  Of  those  respondents 
who  had  not  used  the  laser  prior  to  attending  the 
course,  146  (81%)  felt  that  attendance  at  the  course 
was  instrumental  in  their  decision  to  use  the  laser 
clinically.  Of  this  same  group,  164  physicians  (91%) 
felt  that  they  would  not  have/could  not  have  begun 
to  use  the  laser  clinically  without  a  “hands-on” 
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Fig.  4.  Penetration  (arrow)  of  the  polyvinyl  chloride  (PVC)  tube  after 
irradiation  with  the  carbon  dioxide  laser. 


Fig.  6.  Xomed  Laser-Shield  tube  demonstrating  the  formation  of 
white  ash  (arrow)  at  the  laser-impact  site. 


course.  Thirty-two  (14.6%)  of  the  total  number  of  re¬ 
spondents  using  the  laser  practiced  in  the  lab  or  on 
cadavers  prior  to  beginning  to  use  it  clinically  and 
only  six  (2.7%)  of  this  same  group  had  performed 
any  scientific  investigations  in  either  the  lab  or  hos¬ 
pital  using  the  laser. 

The  responses  to  question  8  (Table  I)  were  ex¬ 
pressed  in  months  by  68  respondents  (3.5  months 
average),  cases  by  54  respondents  (5  cases  average), 
time,  Le.,  very  quickly  by  67  respondents  (1  week 
average)  and  still  not  comfortable  (12.3%).  This 
question  should  have  been  written  more  specifically 
to  elicit  responses  using  one  common  measure.  The 
average  number  of  endoscopic  cases  performed  by 
the  past  participants  who  had  used  the  laser  prior  to 
attending  the  course  was  100  (6.4  cases/month), 
while  the  average  number  of  cases  performed  by 
those  who  used  the  laser  for  the  first  time  after  at¬ 
tending  the  course  was  40  (5  cases/month).  All  but 
one  of  the  laser-using  respondents  (99.5%)  found  the 
safety  protocol  taught  during  the  course  to  be  effica¬ 
cious.  Eleven  physicians  (5.0%)  reported  a  total  of 
12  laser-related  complications  (Table  XVII).  Four  of 
these  complications,  including  two  endotracheal 
tube  fires,  had  occurred  before  the  responding  oto¬ 
laryngologists  attended  the  “hands-on”  course.  No 
endotracheal  tube  fires  were  reported  by  any  of  the 
respondents  following  completion  of  the  course.  Of 


Fig.  5.  PVC  tube  demonstrating  an  intraluminal,  laser-ignited  fire. 
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the  other  reported  complications,  4  involved  lip 
burns  (patient),  4  involved  skin  burns  (patient),  1  in¬ 
volved  ignition  of  a  plastic  tooth  protector  (patient), 
and  1  involved  a  finger  burn  (surgeon).  All  complica¬ 
tions  reportedly  healed  uneventfully. 

Tests  on  the  Incendiary  Characteristics 
of  Endotracheal  Tubes 

The  three  types  of  endotracheal  tubes  examined  in 
this  study  demonstrated  a  wide  range  of  incendiary 
characteristics.  When  struck  by  the  laser  beam,  the 
National  Catheter  PVC  tube  was  quickly  vaporized; 
the  laser  would  burn  completely  through  the  tube 
within  1  second  when  using  the  continuous  mode  or 
after  10  pulses  (0.1-second  each),  even  at  10  W,  when 
using  the  shuttered  mode.  After  the  laser  pene¬ 
trated  the  tube,  most  of  its  energy  passed  straight 
through  the  tube  and  was  absorbed  by  the  heat 
shield  underneath  (Fig.  4).  The  tube  usually  ignited 
when  the  polyvinyl  chloride  around  the  laser-pene¬ 
tration  site  melted  and  flowed  into  the  beam. 


Fig.  7.  Bright  glow  of  the  Xomed  Laser-Shield  tube  during  Impact 
with  the  carbon  dioxide  laser. 
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Fig.  8.  Laser-ignited  fire  using  the  Xomed  Laser-Shield  tube. 


causing  the  tube  to  be  heated  by  the  laser.  At  that 
pointy  the  plastic  tube  would  glow  brightly,  re¬ 
sulting  in  either  a  fire  or  further  vaporization  of  the 
tube  (Fig.  5). 

When  the  Xomed  Laser-Shield  tube  was  hit  by  the 
laser  beam,  a  white  ash  formed  at  the  impact  site 
(Fig.  6).  The  laser  then  had  to  bum  through  this  ash 
in  addition  to  the  wall  of  the  tube.  During  impact 
from  the  carbon  dioxide  laser  beam,  the  tube  would 
glow  brightly  (Fig.  7).  A  fire  started  when  the  laser 
heated  the  inner  wall  of  the  tube  beyond  the 
temperature  of  ignition  (Fig.  8).  The  Xomed  Laser- 
Shield  tube  absorbed  the  laser  energy  quickly;  it  re¬ 
mained  warm  for  a  short  time  after  laser  impact. 
Following  the  occurrence  of  a  laser-ignited  fire,  this 
tube  had  to  be  allowed  to  cool  down  before  gas  flow 
was  restarted;  otherwise  the  tube  would  reignite 
spontaneously. 

A  layer  of  ash  also  formed  when  the  laser  struck 
the  Rusch  red  rubber  tube;  however,  in  this  case  it 
was  black,  carbonaceous  debris  that  was  formed 
(Fig.  9).  In  addition,  some  of  the  rubber  of  the  outer 
wall  was  momentarily  vaporized  and  then  recon- 


Fig.  9.  Rusch  rod  rubber  tube  demonstrating  the  formation  of  black 
carbonaceous  ash  at  die  laser  Impact  site. 
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Fig.  10.  Rusch  red  rubber  tube  demonstrating  an  extraluminal  (sur¬ 
face)  fire. 


densed  in  the  air,  forming  thin,  black  strands.  The 
Rusch  red  rubber  tube  produced  a  large  amount  of 
black  smoke,  due  to  the  occurrence  of  a  surface  (ex- 
traluminal)  fire  (Fig.  10).  The  laser  energy  produced 
a  larger  hole  in  the  red  rubber  tube  than  in  either  the 
PVC  tube  or  Xomed  tube.  A  fire  started  when  the 
laser  penetrated  through  the  tube  and  heated  up  the 
inside  of  the  tube  in  a  similar  fashion  to  that  which 
occurred  in  the  Xomed  tube  (Fig.  11). 

Analysis  of  the  data  obtained  from  the  first  part 
of  the  experiment  clearly  showed  the  polyvinyl  chlo¬ 
ride  tube  to  be  inferior  to  the  Rusch  red  rubber  or 
Xomed  Laser-Shield  tubes.  In  the  presence  of  100% 
oxygen,  the  PVC  tube  ignited  after  14,  9.46,  and 
6.62  pulses  of  0.1-second  duration  when  exposed  to 
laser  radiation  of  10,  15,  and  20  W,  respectively 
(Table  IV).  The  PVC  tube  also  ignited  in  40%  oxy¬ 
gen  in  nitrogen  at  15  and  20  W,  in  50%  oxygen  in 
nitrogen  at  all  three  power  settings,  and  in  50%  ox¬ 
ygen  in  helium  at  15  and  20  W.  The  Rusch  red  rub- 


Fig.  11.  Intraluminal  fire  (arrow)  in  the  Rusch  rod  rubber  tube 
caused  by  the  extraluminal  surface  fire  burning  through  the  tube. 
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:  Piw.-' 

PVC  X  00. 1 2.22  S  46  a.  1 .40  6.62±1.11 

Red  rubber  >60  >60  >60 

Xomed  >60  >60  >60 

ber  and  Xomed  Laser-Shield  tubes  failed  to  ignite  in 
100%  oxygen  and  all  other  gas  mixtures  at  all  laser 
settings  during  the  shuttered  (pulsed)  mode  experi¬ 
ments  (Table  V).  The  cuffs  of  all  three  tubes  were 
easily  penetrated  and  deflated  after  1  to  2  pulses  of 
the  laser  set  at  10  W.  The  PVC  tubes  wrapped  with 
the  3-M  #425  and  Radio  Shack  #44-1155  metallic 
tape  were  tested  in  100%  oxygen  at  10, 15,  and  20  W 
power  for  60  pulses  of  0.1  second  each.  None  of  the 
metallic  tape-wrapped  tubes  ignited. 

Because  some  of  the  PVC  and  Xomed  tubes  in 
several  of  the  trials  did  not  ignite  during  exposure 
to  the  laser  in  the  continuous  mode,  analysis  of  the 
data  obtained  from  the  second  part  of  this  experi¬ 
ment  required  the  use  of  both  parametric  and  non- 
parametric  statistics.  All  three  tubes  ignited  in 
eight  out  of  eight  trials  when  tested  at  10, 15  and  20 
W,  continuous  mode  in  100%  oxygen  (Fig.  12  and 
Table  VI).  At  10  W,  the  mean  time  to  ignition  (MTI) 
for  the  PVC  tube  was  3.06  seconds,  while  the  MTI  for 
the  red  rubber  and  Xomed  tubes  were  33  and  17.85 
seconds,  respectively.  At  these  parameters,  the 
Rusch  red  rubber  tubes  were  significantly  (p<.01) 
more  resistant  to  ignition  than  either  the  PVC  or 
Xomed  tubes.  The  Rusch  tube  ignited  8  of  8  times  in 
all  trials  except  30%  oxygen  in  58%  helium  and  2% 
halothane;  here,  it  ignited  only  4  of  8  times.  In  all 
red  rubber  tube  trials,  a  surface  fire  was  noted  be- 


TABLE  V. 

Mean  Number  of  Pulses  (0.1  Second)  to  Ignition 
_ in  Varying  Gas  Mixtures. _ 


Gas  Mixture 
at  2.5  Liters 
per  Minute 

Type  ol 
Tube 

10W 

Laser  Power 

15  W 

20  W 

O2  in  Nz 

30% 

PVC 

>60 

>60 

>60 

Red  rubber 

>60 

>60 

>60 

Xomed 

>60 

>60 

>60 

40% 

PVC 

>60 

2/13 

N/A 

11/13 

32.82 

50% 

PVC 

9/13 

41 

11/13 

28 

12/13 

26 

Red  rubber 

>60 

>60 

>60 

Xomed 

>60 

>60 

>60 

Oz  in  Helium 

30% 

PVC 

>60 

>60 

>60 

Red  rubber 

>60 

>60 

>60 

Xomed 

>60 

>60 

>60 

40% 

PVC 

>60 

>60 

>60 

50% 

PVC 

>60 

1/13 

N/A 

4/13  ' 
N/A 

Red  rubber 

>60 

>60 

>60 

Xomed 

>60 

>60 

>60 

\ 


Fig.  12.  Ignition  times  of  three  endotracheal  tubes  in  100%  oxygen 
with  the  CO2  laser  in  the  continuous  mode. 

fore  the  endpoint  was  recorded  (Tables  VII  through 
XII).  The  shortest  mean  time  to  ignition  in  the  red 
rubber  tube  trials  was  16.99  seconds,  which  oc¬ 
curred  in  50%  oxygen  in  50%  nitrogen  at  20  W  con¬ 
tinuous  mode.  It  took  only  4.96  seconds  for  the  PVC 
tube  to  ignite  at  these  same  settings.  Because  of  a 
limited  supply  of  the  Xomed  tubes,  they  were  tested 
only  in  the  trials  in  which  halothane  was  included  in 
the  gas  mix.  In  the  trials  run  in  50%  oxygen  in  48% 
nitrogen  and  2%  halothane,  23.45  seconds  were  re¬ 
quired  for  the  red  rubber  tube  to  ignite  at  20  W  con¬ 
tinuous  mode.  At  these  same  gas  concentrations 
and  laser  settings,  it  took  only  7.57  seconds  for  the 
PVC  tube  and  4.36  seconds  for  the  Xomed  tube  to 
ignite  (Table  IX). 

When  analyzing  the  data  in  this  part  of  the  study, 
four  questions  were  examined:  1.  is  there  a  differ¬ 
ence  between  the  Rusch  and  Xomed  tubes  at  oxygen 
concentrations  other  than  100%;  2.  is  there  a  differ¬ 
ence  between  helium  and  nitrogen;  3.  is  there  a  dif¬ 
ference  between  oxygen  concentrations  in  helium; 
and  4.  what  is  the  effect  of  halothane  when  added  to 
the  gas  mixture?  Statistical  analysis  of  the  data  ob¬ 
tained  from  the  PVC  trials  was  not  compared  with 
the  Rusch  and  Xomed  tubes  at  all  the  gas  mixtures 
in  the  continuous  mode  because  the  PVC  tube  was 
the  only  tube  to  ignite  in  the  shuttered  (pulsed) 
mode  experiments  and  the  MTI  for  this  tube  was  so 
short  (3.06  seconds)  in  the  100%  oxygen  continuous 
mode  trial  When  the  Rusch  red  rubber  tube  was 
compared  to  the  Xomed  Laser-Shield  tube  in  the 
continuous  mode  trials,  statistically  significant  dif¬ 
ferences  (p  <  .01 )  were  noted  in  the  MTI  at  15  and  20 
W  in  30%,  40%,  and  50%  oxygen  in  nitrogen,  at  20 
W  in  30%  oxygen  in  helium,  at  10, 15,  and  20  W  in 
40%  oxygen  in  helium,  and  at  15  and  20  W  in  50% 
oxygen  in  helium  (Table  XIII). 


TABLE  VI. 

Mean  Time  to  Ignition  (Seconds)  in  100%  Oxygen. 

Type  of  Tube 

Laser  Power 

10  W 

15  W 

20  W 

PVC 

3.06  ±0.79 

2.38  ±0.63 

0.95  ±0.37 

Red  lubber 

33  ±1.01 

14.04  ±0.90 

10.99±0.61 

Xomed 

17.85±1.74 

5.62  ±0.75 

2.66  ±0.25 
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*|C  \\  If-w  ?ow 


PVC 

No.  of  ign, ;ions 

6,6 

6.6 

6/6 

8/8 

e/8 

7/8 

MTI  (sec.) 
Penetration 

28.88 

34.86 

15.14 

31.56 

11.17 

13.88 

Red 

time  (sec  ) 

0.79 

0.68 

— 

0  59 

Rubber 

No.  of  ignitions 

8/8 

8/8 

8/8 

8/8 

8/8 

8/8 

MTI  (sec.) 
Surface  fire 

77.11 

51.65  69.88  37.12  51.71 

21.65 

time  (sec.) 

23.51 

23.39 

19.76 

14.74 

8.16 

2.78 

Xomed 

No.  of  ignitions 

7/8 

— 

8/8 

— 

8/8 

— 

MTI  (sec.) 

37.09 

— 

8.14 

— 

6.33 

— 

When  the  data  were  analyzed  to  determine  if  any 
differences  existed  between  helium  and  nitrogen, 
the  following  results  were  calculated:  1.  30%  oxygen 
in  helium  was  significantly  better  in  retarding  igni¬ 
tion  than  30%  oxygen  in  nitrogen  in  the  Rusch  tube 
at  10  W  (p  <  .01)  and  in  the  Xomed  tube  at  10  and  15 
W  (pc.Ol);  2.  40%  oxygen  in  helium  was  signifi¬ 
cantly  better  in  delaying  ignition  than  40%  oxygen 
in  nitrogen  in  the  Rusch  tube  at  15  W  (p  <  .01);  and 
50%  oxygen  in  helium  was  significantly  better  than 
50%  oxygen  in  nitrogen  at  10  W  (pc.Ol).  Because 
these  findings  revealed  that  helium  was  superior  to 
nitrogen  at  the  previously  mentioned  gas  concentra¬ 
tions  and  laser  settings  (Table  XIV),  the  data  analy¬ 
sis  concerning  the  significance,  if  any,  of  varying 
oxygen  concentrations  was  calculated  using  oxygen 
in  helium.  These  calculations  revealed  statistically 
significant  differences  (pc.01)  in  the  Rusch  tube 
when  30%  oxygen  in  helium  was  compared  to  both 
40%  and  50%  oxygen  in  helium  at  all  three  power 
settings.  Comparison  of  40%  oxygen  in  helium  with 
50%  oxygen  in  helium  in  the  Rusch  tube  was  sig¬ 
nificantly  different  (pc.Ol)  only  at  15  W,  contin¬ 
uous  mode.  When  these  same  comparisons  were 
made  in  the  Xomed  tube,  statistically  significant 
differences  occurred  in  30%  oxygen  versus  40%  oxy¬ 
gen  at  10, 15,  and  20  W  (p  c  .01)  and  in  30%  oxygen 
versus  50%  oxygen  at  10  and  15  W  (pc.Ol).  When 
40%  oxygen  in  helium  was  compared  to  50%  oxygen 
in  helium  in  the  Xomed  tube,  significant  difference 
(pc.Ol)  occurred  only  at  15  W  (Table  XV). 


TABLE  VIII. 

Forty  Percent  Oxygen  In  Nitrogen  (2%  Halothane). 


10W 

15  W 

20  W 

Halothane 

w  w/o 

W 

W/O 

W 

W/O 

PVC 

No.  of  ignitions 

8/10  8/8 

8/8 

8/8 

8/8 

8/8 

MTI  (sec.) 
Penetration 

25.65  13.44  21.81 

18.81 

13.29  13.44 

Red 

time  (sec.) 

1.46  0.86 

0.93 

0.64 

0.61 

0.47 

Rubber 

No.  of  ignitions 

8/8  8/8 

8/8 

8/8 

6/8 

8/8 

MTI  (sec.) 
Surface  fire 

76.54  40.92  52.47  24.64  27.10  17.07 

time 

13.34  15.76 

8.03 

5.35 

1.22 

2.41 

Xomed 

No.  of  Ignitions 

1/8  6/8 

8/8 

8/8 

8/8 

8/8 

MTI  (sec.) 

N/A  27.15 

8.48 

9.15 

7.42 

5.43 

'  \,  r ■  f ■  v*  ;  o. 

Jf  •  ■  N  'jLut 

(2  - 

PvC 

Nc.  of  ignitions 

6/8  8/8 

8/8 

V.  t., 

8/8  8/8 

6/8 

MTI  (sec.) 

11.97  11.14 

8.74 

7,04  7.57 

4.96 

Penetration 
time  (sec.) 

-  0.77 

_ 

0.54  — 

0.51 

Red 

Rubber 

No.  of  ignitions 

8/8  8/8 

8/8 

8/8  8/8 

8/8 

MTI  (sec.) 

43.09  41.48 

32.86  21.35  23  45 

16.99 

Surface  fire 
lime  (sec ) 

26.67  23.48 

18.26 

2.99  3.63 

1.94 

Xomed 

No.  of  ignitions 

5/8  — 

8/8 

—  8/8 

_ 

MTI  (sec.) 

17.97  — 

5.57 

—  4.36 

— 

The  effect  of  adding  2%  halothane  to  the  gas  mix¬ 
ture  was  analyzed  by  using  the  Student’s  f-test. 
These  results  revealed  that  the  addition  of  2%  halo¬ 
thane  to  the  gas  mixture  significantly  retarded  igni¬ 
tion  (pc.Ol)  only  with  the  Rusch  tube  when  tested 
with:  1.  30%  oxygen  in  helium  at  15  and  20  W;  2. 
40%  oxygen  in  helium  at  15  and  20  W;  and  3.  50% 
r  xv pen  in  helium  at  10,  15,  and  20  W  (Table  XVI). 

All  three  tubes  were  wrapped  in  3-M  #425  and 
Radio  Shack  #  44-1155  reflective,  metal  tape  and  ex¬ 
posed  to  the  laser  beam  until  ignition,  or  for  180 
seconds,  at  10,  15,  and  20  W,  continuous  mode. 
None  of  the  reflective  tape-wrapped  tubes  in  this 
part  of  the  study  ignited. 

Analysis  of  the  data  from  the  third  part  of  this 
study,  using  the  thermocouple,  revealed  that  the 
Xomed  Laser-Shield  tube  absorbed  laser  energy,  in 
the  form  of  heat,  in  an  unproductive  fashion,  re¬ 
taining  this  absorbed  energy  over  a  longer  interval 
of  time  than  either  the  PVC  or  red  rubber  tubes.  The 
surface  of  the  Xomed  tube  should  have  been  de¬ 
signed  to  be  reflective  rather  than  absorptive;  this 
characteristic  would  have  allowed  this  tube  to  han¬ 
dle  exposure  to  the  laser  energy  in  a  more  efficient 
and  safer  maimer.  The  Rusch  tube,  in  comparison, 
had  a  high  and  fast  peak  in  temperature,  but  unlike 
the  Xomed  tube,  it  dispersed  the  heat  much  more  ef¬ 
ficiently  and  rapidly.  The  PVC  tube  retained  only  a 
minimal  amount  of  energy  as  heat  (Fig.  13). 


TABLE  X. 

Thirty  Percent  Oxygen  In  Helium  (24fc  Halothane). 


10W 

15  W 

20  W 

Halothane 

w 

W/O 

W 

W/O 

W 

W/O 

PVC 

No.  of  ignitions 

3/8 

1/8 

4/8 

3/8 

4/8 

2/8 

MTI  (sec.) 
Penetration 

N/A 

N/A 

24.38 

N/A 

17.45 

N/A 

Red 

time  (sec.) 

0.90 

0.77 

0.67 

0.59 

0.59 

0.45 

Rubber 

No.  of  ignitions 

4/8 

8/8 

6/8 

8/8 

8/8 

8/8 

MTI  (sec.) 
Surface  fire 

118.9747.31 

73.78  34.99  46.67  25.09 

time  (sec.) 

15.30  15.58  11.32 

7.26 

1.61 

1.58 

Xomed 

No.  of  ignitions 

0 

— 

2/8 

— 

8/8 

— 

MTI  (sec.) 

N/A 

— 

N/A 

— 

17.73 

— 
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PVC 

No  of  ignitions 

0 

5/6 

6/e 

6/6 

7/8 

7/8 

MTI  (sec.) 
Penetration 

N/A 

25.18 

16.54 

25.11 

15.69 

22.57 

Red 

t'me  (sec  » 

C.79 

per 

r  r  .-' 

Rubber 

No.  of  ignitions 

8/8 

8/8 

8/8 

8/8 

8/8 

8/8 

MTI  (sec.) 
Surface  fire 

67.58  55.52  41.94  33.46  29.60 

19.75 

time  (sec.) 

8.66  10.348 

5.02 

4.98 

1.34 

1.46 

Xomed 

No.  of  ignitions 

0 

— 

8/8 

— 

8/8 

— 

MTI  (sec.) 

N/A 

— 

9.35 

— 

6.94 

— 

DISCUSSION 

The  purpose  of  this  study  was  to  determine  if  at¬ 
tendance  at  a  “hands-on”  laser  surgery  course  for 
specialists  in  otolaryngology— head  and  neck 
surgery  might  lead  to  a  reduced  rate  of  laser-related 
complications  in  this  selected  group  when  compared 
to  another  selected  group  of  otolaryngologists 
(members  of  a  senior  otolaryngology  society)  pre¬ 
viously  surveyed  by  Fried1  on  the  basis  of  their  so¬ 
ciety  membership,  and  to  compare  the  incendiary 
characteristics  of  three  endotracheal  tubes  in  vari¬ 
ous  mixtures  of  oxygen  diluted  with  either  helium  or 
nitrogen  with  and  without  2%  halothane.  Initial  dis¬ 
cussion  focuses  on  the  results  of  the  questionnaire 
mailed  to  337  otolaryngologist— head  and  neck  sur¬ 
geons  who  had  attended  a  “hands-on”  laser  surger, 
course  between  August  1981  and  December  1985. 

Survey  of  Laser-Related  Complications 

Although  questionnaires  are  often  considered  to 
be  an  annoyance,  especially  by  the  busy  otolaryn¬ 
gologist-head  and  neck  surgeon,  examination  of 
the  information  included  within  a  well-designed 
questionnaire  can  help  to  establish  the  opinion  of  a 
selected  group  about  a  certain  topic.  The  favorable 
response  rate  of  75%  to  the  questionnaire  mailed  to 
past  registrants  of  the  “hands-on”  carbon  dioxide 
laser  surgery  course  has  facilitated  and  substan- 


Fig.  13.  Thermal  absorptive  characteristics  In  room  air  of  three  en¬ 
dotracheal  tubes  during  exposure  to  the  CO2  laser  in  the  contin¬ 
uous  mode. 


PVC 

No.  cf  ignitions 

6/6 

6/8 

8/8 

7/8 

6/8 

6.8 

MTI  (sec.) 

25  42 

23.89 

17  57 

18.15 

12  91 

17.06 

Pene'ration 

-  ■ 

r 

•  -- 

0  49 

Red 

Rubber 

No  of  ignitions 

8/8 

8/8 

8/8 

8/8 

8/8 

8/8 

MTI  (sec.) 

59.11 

34.47  40.19  22  65  28  36 

17.43 

Surface  fire 
time  (sec.) 

14.40 

7.64 

6.39 

2.51 

2  04 

1 .91 

Xomed 

No.  of  ignitions 

4/8 

— 

8/8 

— 

8/8 

— 

MTI  (sec.) 

30.69 

— 

6.11 

— 

5.88 

— 

tiated  analysis  of  the  data  contained  within  the 
aforementioned  survey.  Additionally,  the  large 
number  of  physicians  (81%)  who  answered  that  at¬ 
tendance  at  the  course  was  instrumental  in  their  de¬ 
cision  to  use  the  laser  clinically  would  seem  to  vali¬ 
date  the  claim  that  participation  in  a  “hands-on” 
workshop  was  a  valuable  means  of  preparing  a  phy¬ 
sician  for  the  clinical  use  of  the  laser. 

The  necessity  of  attending  a  “hands-on”  laser 
workshop  prior  to  clinical  use  was  suggested  by  the 
large  number  of  physicians  (91%)  who  responded 
that  they  would  not  have  and  could  not  have  used 
the  laser  clinically  without  this  type  of  course.  The 
responses  to  this  question  indicated  both  a  strong 
desire  on  behalf  of  the  registrants  for  formal  laser 
training  prior  to  using  this  technology  in  clinical 
practice  and  a  need  to  document  that  formal  laser 
training  had  indeed  taken  place.  Many  of  the  hos¬ 
pitals  where  the  course  participants  practiced  re¬ 
quired  that  all  surgeons  attend  “hands-on”  training 
courses  in  laser  surgery  prior  to  using  the  laser  clini¬ 
cally.  The  small  number  of  participants  (14.6%)  who 
practiced  in  the  lab  or  on  cadavers  prior  to  clinical 
use  of  the  laser  indicated  that  this  desirable  step 
was  not  always  possible  and  perhaps  not  always 
necessary. 

The  true  value  of  a  “hands-on”  course  in  laser  sur¬ 
gery  in  otolaryngology— head  and  neck  surgery  was 
measured  best  by  the  very  favorable  response 
(99.5%)  rate  to  the  safety  protocol  taught  during  the 
course  and  by  the  very  small  number  of  physicians 
using  the  laser  who  reported  having  any  laser- 
related  complications  (3.6%)  following  their  atten- 


TABLE  XIII. 

Statistical  Analysis: 

Rusch  Red  Rubber  Tube  vs.  Xomed  Laser-Shield  Tube. 
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dance  at  this  course.  Analysis  of  the  12  complica¬ 
tions  (Table  XVII)  experienced  by  11  past  course 
registrants  revealed  that  4  of  these  complications, 
including  2  endotracheal  tube  fires,  occurred  prior  to 
the  physician’s  attending  the  course.  None  of  the 
past  registrants  reported  experiencing  an  endotra¬ 
cheal  tube  fire  following  their  attendance  at  this 
“hands-on”  workshop.  Perhaps  the  endotracheal 
tube  fire  demonstration  at  each  course  served  to  re¬ 
inforce  the  safety  protocol.  Of  the  eight  complica¬ 
tions  that  were  reported  following  attendance  at  the 
workshop,  all  were  stated  to  be  minor,  with  an  un¬ 
eventful  outcome.  Lip  burns  occurred  most  fre¬ 
quently  (4),  followed  by  skin  bums  (2),  ignition  of  a 
tooth  protector  (1),  and  a  finger  bum  suffered  by  one 
of  the  surgeons  (1). 

The  most  important  observation  to  emerge  from 
the  discussion  of  the  results  of  this  survey  was  that 
the  complication  rate  experienced  by  the  otolaryn¬ 
gologists  who  attended  the  workshop  was  signifi¬ 
cantly  different  from  the  unacceptably  high  compli¬ 
cation  rate  discovered  by  Fried  when  he  polled  the 
membership  of  a  senior  otolaryngology  society 
about  their  experience  with  laser-related  accidents. 
One  obvious  shortcoming  of  the  Fried  study  was 
that  he  did  not  investigate,  through  his  question¬ 
naire,  whether  the  surveyed  otolaryngologists  had 
taken  any  formal  or  informal  laser  training  courses. 
For  purposes  of  discussion,  it  was  assumed  that  the 
majority  of  those  experiencing  laser-related  compli¬ 
cations  in  the  Fried  study  bad  not  taken  any  formal 
laser  surgery  courses  prior  to  using  the  laser  clini¬ 
cally.  This  assumption  was  justified  because  any 
sort  of  formal  laser  training  would  have  taken  place 
with  one  of  the  pioneers  (Strong  and  his  colleagues 
or  Andrews)  who  would  have  included  a  strong 
warning  about  the  possibility  of  an  endotracheal 
tube  fire.  Beginning  in  1973,  Strong  and  his  col¬ 
leagues11  presented  and  published  a  paper  on  the  use 
of  reflective  aluminum  tape  to  protect  the  tube  and 
moist  selvage  gauze  to  protect  the  cuff.  - 

Andrews”  performed  a  series  of  experimental, 
laser-induced,  endotracheal  tube  fire  studies  in  1974 
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and  advocated  the  use  of  the  Rusch  red  rubber  tube 
wrapped  in  reflective,  metallic  tape  in  an  anesthetic 
gas  mixture  limited  to  30%  oxygen  in  nitrous  oxide, 
as  well  as  the  use  of  saline-saturated  cottonoids  to 
protect  the  cuff  and  saline-saturated  gauze  to  pro¬ 
tect  the  patient’s  lips.  Although  we  have  since 
learned  from  Vourc’h,  et  ai ,<6  Hirshman,  et  al,s' 
Chilcoat,  et  aL,*°  and  others  that  there  was  no  sig¬ 
nificant  difference  "between  an  atmosphere  of  pure 
oxygen,  an  atmosphere  of  pure  nitrous  oxide  con¬ 
taining  no  oxygen,  or  any  combination  of  the  two,” 
Andrews  was  headed  in  the  proper  direction  in  1974 
by  emphasizing  the  use  of  a  30%  concentration  of 
oxygen.  Based  on  the  early  emphasis  on  safety, 
which  was  presented  and  published  by  both  the 
Strong  group  and  the  Andrews  group,  it  was  diffi¬ 
cult  to  conceive  that  an  otolaryngologist  would  have 
received  formal  laser  training  in  the  1970s  without 
some  meaningful  exposure  to  laser  safety.  There¬ 
fore,  the  statement  questioning  the  adequacy  of  the 
literature  as  a  method  of  transferring  vital  informa¬ 
tion  concerning  laser  safety  to  the  practicing  oto¬ 
laryngologist— head  and  neck  surgeon  might  seem 
justified. 

During  the  3-year  period  1980  to  1982,  many  man¬ 
uscripts  were  published  concerning  laser-related 
complications,  including  endotracheal  tube  fires.  It 
has  already  been  pointed  out  that  the  literature  was 
confusing  during  those  3  years  regarding  which 
tube  to  use  for  laryngeal  laser  surgery.  This  confu¬ 
sion  created  a  critical  mass  of  publications,  in  both 
the  anesthesiology  and  otolaryngology  literature, 
that  should  have  served  as  a  warning  that  the  risk  of 
fire  was  always  there.  The  fact  that  so  many  laser- 
ignited  endotracheal  tube  fires  occurred  in  the  midst 
of  all  these  publications,  either  warning  of  the  possi¬ 
bility  (1972-1980)  or  reporting  the  occurrence  (1976- 
1983)  of  laser-ignited  airway  fires,  strengthens  the 
contention  that  the  literature  might  not  have  been 
the  best  vehicle  for  transferring  this  vital  informa¬ 
tion  to  the  practicing  anesthesiologist  and  otolaryn¬ 
gologist.  The  fact  that  none  of  the  participants  in 
the  “hands-on”  laser  surgery  course  experienced  an 
endotracheal  tube  fire  following  their  participation 
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at  the  workshop  demonstrates  the  superiority  of 
this  method  of  transfer  of  important  information. 

This  study  has  demonstrated  the  efficacy  of  at¬ 
tending  a  “hands-on”  laser  surgery  course,  and  all 
otolaryngologist— head  and  neck  surgeons  contem¬ 
plating  the  use  of  this  technology  in  their  practice 
,  should  bg. encouraged  to  participate  in  any  one  of 
the  many  excellent  courses  available  today  through¬ 
out  the  country. 

Tests  on  the  Incendiary  Characteristics 
of  Endotracheal  Tubes 

The  experimental  methods  employed  in  this  study 
measured  the  time  to  ignition  (intraluminal  fire)  or 
the  designated  endpoint  of  60  pulses,  0.1  second 
each,  in  part  1  and  180  seconds  continuous  exposure 
in  part  2.  The  time  it  took  to  either  penetrate  the 
tube  or  burn  through  the  tube  in  the  absence  of  an 
intraluminal  fire  was  noted,  but  did  not  constitute 
an  endpoint  that  was  analyzed  statistically.  This  ex¬ 
perimental  methodology  proved  to  be  significant  in 
the  case  of  the  polyvinyl  chloride  tube  trials.  Most 
often,  the  laser  would  bum  completely  through  one 
of  the  PVC  tubes  during  a  trial,  leaving  a  hole  in  the 
tube  that  allowed  additional  laser  energy  to  pass 
through  it  without  starting  a  fire.  Consequently, 
many  of  the  trials  with  the  PVC  tube  did  not  ignite; 
this,  in  turn,  could  cause  the  casual  reader  of  this 
manuscript  to  falsely  interpret  the  data  reflected  by 
the  PVC  experiments  and  to  conclude  that  this  tube 
was  safer  than  it  actually  was.  Similarly,  although 
the  time  of  occurrence  of  an  extraluminal,  surface 
fire  in  the  red  rubber  tube  trials  was  recorded,  the 
endpoint  in  these  trials  was  either  the  occurrence  of 
an  intraluminal  fire,  60  pulses  at  0.1  second  each,  or 
180  seconds  of  continuous  laser  irradiation.  This 
methodology  probably  accounted  for  the  prolonged 
ignition  times  for  the  red  rubber  tubes  in  this  study. 
It  was  felt  that  the  mean  time  to  ignition  would  best 
characterize  the  incendiary  properties  of  each  tube; 
this,  in  turn,  would  help  the  clinician  to  interpret  the 
data  with  respect  to  a  known  endpoint— an  intra¬ 
luminal  fire.  The  frequent  occurrence  of  an  extra-., 
luminal,  surface  fire  in  the  red  rubber  tube  trials 
should  be  looked  at  as  a  positive  characteristic  of 
this  tube  because  these  fires  should  warn  the  sur- 
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geon  that  serious  trouble  in  the  form  of  an  intra¬ 
luminal  fire  is  threatening.  Unless  such  a  fire  oc¬ 
curred  distal  to  the  cuff,  within  1  cm  of  the  distal 
end  of  the  tube,  it  took  at  least  14.66  seconds  for  an 
extraluminal  fire  to  transform  into  an  intraluminal 
blaze  (Tables  VI-XII). 

Both  types  of  reflective  aluminum  tape,  3-M  #  425 
and  Radio  Shack  #44-1155,  protected  the  polyvinyl 
chloride  tubes  from  igniting  in  100%  oxygen  when 
exposed  to  60  pulses  (0.1  second)  at  10,  15,  and  20 
W,  respectively  n  the  first  part  of  this  experiment 
and  when  exposed  to  180  seconds  of  continuous 
mode  laser  energy  at  10, 15,  and  20  W  in  the  second 
part  of  this  experiment.  The  use  of  the  reflective 
aluminum  tape,  however,  has  been  associated  with 
certain  problems,  including  acute  airway  obstruc¬ 
tion  secondary  to  the  tape  becoming  dislodged  from 
the  tube  as  reported  by  Kaeder  and  Hirshman.48 
Wrapping  the  tube  should  be  performed  with  great 
care,  starting  just  above  the  cuff  and  working 
towards  the  proximal  end  of  the  tube  in  a  circum¬ 
ferential,  overlapping  fashion.  The  tube  should  be 
inspected  before  intubation,  and  again  after  extuba- 
tion,  to  make  certain  that  all  the  tape  that  was  on 
the  tube  at  intubation  is  still  present  at  extubation. 
When  missing  tape  is  noted,  the  oral  cavity,  oro¬ 
pharynx,  hypopharynx,  larynx,  and  trachea  must  be 
thoroughly  inspected.  Rigid  bronchoscopy  must  be 
performed  if  the  tape  cannot  be  located  using  a 
laryngoscope. 

The  cuff  of  all  three  types  of  endotracheal  tubes 
was  easily  penetrated  after  one  to  three  pulses  (0.1 
second)  at  all  three  powers  and  in  less  than  1  second 
using  the  continuous  mode.  Without  doubt,  the  un¬ 
protected  cuff  has  been  shown  to  be  the  weakest 
part  of  the  endotracheal  tube  with  respect  to  laser 
penetration.  However,  the  safety  precautions  that 
have  been  proposed  by  Strong,  et  aL  17  LeJeune,  et 
aL, 71  and  Ossoff,  etaL ,’s  u  have  served  to  adequately 
protect  the  cuff.  Strong  and  his  colleagues  had  intro¬ 
duced  the  use  of  moist  selvage  gauze  to  protect  the 
cuff  as  early  as  1972.  LeJeune,  et  aL  introduced  their 
solution  to  the  tube-cuff  problem  by  inflating  the 
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cuff  with  saline,  which  caused  the  cuff  to  act  a-  a 

saline  into  the  operative  field,  when  perforated  In 
the  laser  bea>'\  0«.cnff.  cl  cl  suggested  ridding 
methylene  blue  to  tile  saline  in  the  cull;  by  coloring 

the  saline  blue,  a  leak  in  the  cuff  would  turn  the  pre¬ 
viously  moistened  cottonoids  blue,  making  it  easier 
for  the  surgeon  to  recognize  the  problem.  The  devel¬ 
opment  of  the  operating  platform  by  Ossoff  and 
Karlan  in  1983  completed  the  commonly  utilized 
protocol  for  cuff  safety.  The  operating  platform 
served  as  a  “catcher’s  mitt”  to  protect  the  cotton¬ 
oids,  cuff,  and  tissues  of  the  subglottic  larynx  from 
any  direct  or  reflected  laser  beam  irradiation. 

The  findings  from  the  first  part  of  this  experiment 
revealed  that  the  PVC  tube  was  the  only  tube  to  ig¬ 
nite  when  exposed  to  0. 1-second  pulses  of  carbon 
dioxide  laser  radiation  in  the  presence  of  100%  oxy¬ 
gen.  The  fact  that  the  laser-ignited  fires  in  the  PVC 
tubes  occurred  after  only  14  pulses  or  less  (Table  IV) 
indicated  the  relative  lack  of  resistance  of  this  tube 
to  the  laser  beam.  This  conclusion  was  confirmed, in 
the  second  part  of  this  study  using  the  continuous 
mode  in  100%  oxygen  (Table  VI).  The  mean  time  to 
ignition  of  the  PVC  tube  was  3.06  seconds,  com¬ 
pared  to  17.85  seconds  for  the  Xomed  tube  and  33 
seconds  for  the  red  rubber  tube.  Although  the  PVC 
tube  did  not  ignite  in  all  trials  of  oxygen  in  either 
nitrogen  or  helium,  the  penetration  time  of  the  tube 
was  1.46  seconds  or  less  (Tables  VI-XII),  a  clear  in¬ 
dication  that  this  tube  was  less  resistant  to  perfora¬ 
tion  by  the  laser  beam  than  either  of  the  other  two 
tubes.  Therefore,  the  risk  of  a  fire  with  this  tube  was 
always  present  and,  as  previously  stated,  the  tube 
was  found  to  be  far  more  dangerous  than  a  casual 
perusal  of  Tables  VI  through  XII  would  indicate. 

The  findings  of  this  study  contradict  the  previous 
investigations  of  Treyve,  et  al 63  and  Hirshman,  et 
al 51  who  found  the  PVC  tube  to  be  superior  to  the 
red  rubber  tube.  Andrews,  et  al,11  Strong,  et  al ,29 
Vaughan,33  DiBartolomeo,41  Meyers,”  and 
others” 71  found  that  the  PVC  tube  was  both  more 
easily  penetrated  and  more  readily  ignited  than  the 
red  rubber  tube.  Furthermore,  the  first  reported, 
serious  laser-ignited  endotracheal  tube  fire  occurred 
when  the  patient  was  intubated  with  a  PVC  tube,70 
and  Schramm,  et  aL*1  have  shown  that  the  gases  as¬ 
sociated  with  burning  PVC  tubes  were  toxic  to  the 
airway  and  could  be  associated  with  severe  pneumo¬ 
nitis.  Ossoff,  et  aV 7  demonstrated  that  the  PVC 
tube  caused  the  most  mucosal  damage,  both  grossly 
and  histologically,  after  a  5-second  exposure  to  a 
planned,  laser-ignited  endotracheal  tube  fire.  They 
recommended  against  using  the  PVC  tube,  either 
wrapped  or  unwrapped,  for  laryngeal  laser  surgery. 

Pashayan  and  G ravens tein  (1985)’1  determined 
that  helium,  but  not  nitrogen,  significantly  retarded 
endotracheal  tube  ignition  when  it  was  present  in  a 
60%  or  greater  concentration  with  oxygen  and  the 
laser  was  set  at  10  W  or  less  of  energy  for  bursts  of 
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helium  instead  of  nitrous  oxide  to  dilute  the  concen¬ 
tration  of  oxygen  in  the  inspired  gas  mix  repre¬ 
sented  a  major  breakthrough  in  laser  safety,  be¬ 
cause  it  prevented  an  oxidizing  atmosphere  in  the 
anesthetic  gas  mixture.  The  protective  effect  of  he¬ 
lium  was  probably  caused  by  its  high  thermal  dif- 
fusivity,  which  prevented  a  rise  in  temperature 
around  the  site  of  laser  exposure  and,  thus,  pre¬ 
vented  the  laser-irradiated  endotracheal  tube  from 
reaching  its  temperature  of  spontaneous  ignition. 
As  great  a  contribution  as  the  use  of  helium  was, 
however,  Pashayan  and  Gravenstein’s  advocacy  of 
the  use  of  the  PVC  tube  was  dangerous  and  served 
to  create  an  atmosphere  of  controversy  over  which 
endotracheal  tube  to  choose:  PVC  or  red  rubber. 

It  had  already  been  shown  that  PVC  tube  fires 
produced  gases  that  were  toxic  to  the  airway,  tissue 
injury  that  was  more  severe  than  that  seen  with 
fires  from  either  the  red  rubber  or  silicone  tubes,  and 
an  outcome  in  patients  that  was  far  more  damaging 
than  that  seen  from  fires  with  red  rubber  tubes.  Be¬ 
cause  there  was  always  the  possibility  that  the  laser 
power  meter  could  be  inaccurate,  the  anesthesia 
mixing  valve  might  be  incorrect,  the  oxygen  ana¬ 
lyzer  might  be  read  improperly  or  malfunction,  or 
the  surgeon  use  too  high  a  power  setting  or  too  long 
an  exposure  time,  the  risk  of  occurrence  of  a  laser- 
ignited  endotracheal  tube  fire  associated  the  tight 
parameters  (60%  helium,  10  W,  and  maximum  of  10 
seconds  exposure)  advocated  by  Pashayan  and  Gra- 
venstein,  was  too  great.  Should  such  a  fire  occur,  the 
likely  outcome  would  be  the  most  damaging  to  the 
patient,  because  of  the  extreme  severity  of  the 
tissue  injury  caused  by  a  burning  polyvinyl  chloride 
tube.  These  same  risks  would  be  associated  with 
using  the  PVC  tube,  when  wrapped  with  reflective 
metallic  tape.  In  this  case,  the  tape  could  be  dis¬ 
lodged  from  the  tube,  exposing  a  vulnerable  area  of 
unprotected  endotracheal  tube.  Should  the  laser 
beam  hit  such  an  unprotected  spot,  a  catastrophic 
intraluminal  fire  could  occur.  Therefore,  the  poly¬ 
vinyl  chloride  tube  should  not  be  used  for  laser  sur¬ 
gery,  either  wrapped  or  unwrapped. 

The  findings  of  the  second  part  of  this  study  re¬ 
vealed  several  important  conclusions.  First,  the  red 
rubber  tube  was  significantly  better  (p  <  .01)  at  pre¬ 
venting  ignition  than  the  Laser-Shield  tube  at  the 
three  laser  power  settings  in  varying  concentrations 
of  helium  and  nitrogen  (Table  XIII).  Second,  helium 
in  oxygen  was  significantly  better  than  nitrogen 
(pc.Ol)  at  retarding  endotracheal  tube  ignition  in 
both  the  red  rubber  and  Laser-Shield  tubes  (Table 
XIV).  These  results  were  only  noted  at  10  and  15  W 
in  varying  oxygen  concentrations.  Third,  the  use  of 
30%  oxygen  in  helium  was  significantly  better 
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varying  concentrations  ol  oxygen  and  helium. 

These  conclusions  differed  considerably  from  the 
findings  of  Hayes,  et  al.hy  and  Fontenot,  et  al.9'  who 
found  the  Xomed  Laser-Shield  tube  to  be  more  re¬ 
sistant  to  laser-ignition  than  the  Rusch  red  rubber 
tube.  Possible  reasons  for  the  findings  of  this  study 
differing  from  the  previously  published  results  of 
Hayes,  et  al.  and  Fontenot,  et  al.  included  differ¬ 
ences  in  experimental  design,  instrument  variation 
(anesthesia  unit  and  laser),  and  tube-batch  variabil¬ 
ity.  Because  the  Xomed  Laser-Shield  tube  was 
molded  from  a  polymer  (silicone),  it  was  possible 
that  batch  variability  could  have  existed.  However, 
it  was  difficult  to  conceive  that  the  variability  could 
be  as  significant  as  was  demonstrated  by  these 
findings,  when  compared  to  the  two  previously  ref- 
**  erenced  studies.  Laser  variability  and  anesthesia 
unit  variability  most  probably  did  not  account  for 
the  differences  noted  here.  The  most  likely  reason 
for  the  above-mentioned  differences,  then,  had  to  be 
within  the  category  of  experimental  design.  The 
trials  performed  in  the  second  part  of  this  study  uti¬ 
lized  the  entire  endotracheal  tube;  the  distal  portion 
was  ignited,  allowed  to  cool  and  cut  off.  The  next 
trial  irradiated  an  area  of  the  tube  adjacent  to  that 
which  had  been  previously  burned  and  cut  off.  It 
was  possible  that  the  heating-cooling-heating  cycle 
introduced  into  the  experimental  design  could  have 
caused  a  change  in  the  incendiary  characteristics  of 
the  silicone  polymer  of  the  Xomed  tube. 

Both  Hayes,  et  aL  and  Fontenot,  et  aL  character¬ 
ized  an  ignition  as  any  form  of  combustion  (contin¬ 
uous  fire  or  burst  of  flame)  that  occurred  during  ir¬ 
radiation  with  the  laser.  In  this  study,  ignition  was 
considered  to  occur  only  when  an  intraluminal  fire 
was  noted.  Specifically,  extraluminal  fires  did  not 
count  as  an  ignition.  Although  unintended,  this  ex¬ 
perimental  design  favored  the  Rusch  red  rubber 
tube.  Comparison  of  the  surface  fire  time  of  the 
Rusch  tube  with  the  mean  time  to  ignition  of  the 
Xomed  tube  would  yield  different  conclusions 
(Tables  VII-XII).  When  compared  in  this  way,  the 
Xomed  tube  would  be  more  resistant  than  the 
Rusch  tube  and  parallel  the  findings  of  Hayes,  et  aL 
and  Fontenot,  et  al,  with  one  exception.  This  study 
demonstrated  ignition  of  the  Xomed  tube  in  10  W 
and  15  W  of  laser  power,  while  the  aforementioned 
studies  did  not.  Because  it  was  felt  that  the  extra¬ 
luminal  fire  served  as  a  helpful  warning  to  alert  the 
surgeon  that  his  safety  precautions  were  not  work¬ 
ing,  and  that  the  intraluminal  fire,  rather  than  the 
extraluminal  fire,  represented  the  significant  risk  of 
airway  injury  to  the  patient,  this  study  was  de-  - 
signed  to  use  the  presence  of  an  intraluminal  fire  as 
its  endpoint 
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power  sellings  in  100%  oxygen.  The  use  of  the  con¬ 
tinuous  mode  of  laser  energy  in  100%  oxygen  signif¬ 
icantly  demonstrated  the  ignition  tolerance  limits  of 
both  of  these  tubes.  Varying  the  oxygen  in  helium  or 
nitrogen  concentrations  from  30%  to  50%  (Tables 
VII-XII)  also  revealed  the  incendiary  characteris¬ 
tics  of  these  tubes  in  an  atmosphere  similar  to  that 
found  in  the  operating  room.  The  finding  that  the 
Xomed  tube  ignited  at  10  W  in  30%  oxygen  in  nitro¬ 
gen,  and  at  15  W  in  30%  oxygen  in  helium,  was  not 
observed  by  either  Hayes,  et  al.  or  Fontenot,  et  al. 
This  finding  was  significant  because  these  power 
settings  and  oxygen  concentration  mixtures  repre¬ 
sented  commonly  used  choices  by  many  otolaryngol¬ 
ogists  who  performed  microlaryngeal  laser  surgery. 
Also,  the  power  densities  of  these  power  settings 
were  not  in  excess  of  3,900  W/cmJ— the  maximum 
power  density  that  Xomed  advised  to  use  with  this 
tube.  Xomed  also  cautioned  that  care  had  to  be  exer¬ 
cised  when  using  the  Laser-Shield  tube  in  high  oxy¬ 
gen  concentrations  (above  25%). 9<  Endotracheal 
tubes  designed  for  use  in  laryngeal  laser  surgery 
must  allow  the  anesthesiologist  certain  flexibility 
with  respect  to  the  maximum  safe  oxygen  concentra¬ 
tion  limit;  this  threshold  should  allow  for  an  oxygen 
concentration  of  40%  to  be  used,  to  provide  the  an¬ 
esthesiologist  with  the  necessary  flexibility  for  the 
safe  management  of  the  patient.  There  has  been  at 
least  one  operating  room  accident  involving  a  laser- 
ignited  Xomed  Laser-Shield  tube  (J.V.  McCormack, 
personal  communication,  1987). 

The  finding  that  helium  was  more  protective  than 
nitrogen  in  retarding  laser-ignited  endotracheal 
tube  fires  supported  the  conclusions  of  Pashayan,  et 
al  Oxygen  diluted  in  helium  should  be  used  in  all 
cases  of  laryngeal  laser  surgery  requiring  general 
endotracheal  anesthesia. 

Analysis  of  the  experimental  results  also  revealed 
that  30%  oxygen  was  superior  to  either  40%  or  50% 
oxygen  in  terms  of  preventing  tube  ignition.  An¬ 
drews  (1974)”  recommended  limiting  the  oxygen 
concentration  to  30%.  Based  on  the  results  of  this 
study,  his  recommendation  was  correct. 

The  finding  that  2%  halothane  added  to  the  gas 
mixture  impaired  ignition  did  not  agree  with  results 
of  Pashayan,  et  al  In  1966,  Brown,  et  al9i  studied 
the  ignition  risk  of  oxygen  and  nitrous  oxide  with 
halothane  and  concluded  that  halothane  did  not  con¬ 
tribute  to  the  risk  of  ignition  “provided  the  concen¬ 
trations  of  halothane  recommended  for  use”  were 
not  greatly  exceeded.  Based  on  the  conclusions  of 
Brown,  et  al,  it  would  appear  that  the  addition  of 
2%  halothane  to  the  anesthetic  gas  mixture  should 
not  alter  the  incendiary  characteristics  of  an  endo¬ 
tracheal  tube.  Therefore,  the  results  of  this  part  of 
the  study  were  confusing.  Two  possible  explana- 
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source  ol  thermal  energy-  by  Brown,  i  t  al.  and  L'.  (in¬ 
ferences  in  experimental  design. 

The  findings  from  the  third  part  of  this  study 
using  the  thermocouple  revealed  that  the  Xotned 
tube  retained  heat  over  a  longer  interval  of  time 
than  either  of  the  other  two  tubes.  This  might  have 
accounted  for  the  spontaneous  reignition  phenom¬ 
enon  noted  in  the  continuous  trials  with  this  tube. 

Although  the  results  of  this  study  strongly  dem¬ 
onstrated  that  the  red  rubber  tube  was  significantly 
more  resistant  to  ignition  than  the  Xomed  tube, 
•these  findings  should  not  be  considered  an  endorse¬ 
ment  of  one  tube  over  the  other.  In  studies  such  as 
this,  statistics  have  to  be  interpreted  practically.  All 
the  data  have  to  be  analyzed  and  pieced  together  be¬ 
fore  any  conclusions  should  be  reached.  For  ex¬ 
ample,  in  this  study,  both  tubes  were  found  to  be  in¬ 
ferior  because  they  both  ignited  when  exposed  to 
the  laser  in  the  continuous  mode.  However,  most 
otolaryngologist— head  and  neck  surgeons  use  the 
carbon  dioxide  laser  in  the  shuttered  (pulsed)  mode 
for  laryngeal  surgery.  Neither  tube  ignited  in  the 
pulsed  mode  trials  in  100%  oxygen.  On  occasion,  the 
laser  must  be  used  in  the  continuous  mode  to  control 
bleeding  or  to  facilitate  an  endoscopic  resection.  The 
results  of  this  study  demonstrated  the  lack  of  safety 
of  both  tubes,  when  used  unwrapped,  in  the  con¬ 
tinuous  mode.  Since  present-generation  carbon  di¬ 
oxide  lasers  cannot  be  programmed  to  eliminate  the 
continuous  mode  option  from  their  console,  there  is 
always  the  possibility  that  the  laser  nurse  could  de¬ 
press  the  continuous  button  instead  of  the  pulse 
button,  jeopardizing  an  unwrapped  endotracheal 
tube.  Therefore,  the  Rusch  red  rubber  tube  and 
Xomed  Laser-Shield  tube  should  only  be  used  for 
laryngeal  laser  surgery  when  they  have  wrapped 
with  reflective,  metallic  tape. 

Possible  criticisms  of  this  research  project  include 
the  lack  of  individual  trials  on  individual  endotra¬ 
cheal  tubes.  This  limitation  was  cited  in  the  discus¬ 
sion  about  differences  in  experimental  design,  and 
raises  certain  questions  about  the  Xomed  Laser- 
Shield  tube  data.  The  choice  of  mean  time  to  igni¬ 
tion  endpoints  is  subject  to  criticism;  if  the  surface 
fire  time  had  been  used  as  the  endpoint  instead  of 
the  intraluminal  fire  time,  the  Xomed  tube  would 
have  been  found  to  be  the  more  resistant  tube. 

CONCLUSIONS 

Many  questions  concerning  laser  safety  in  laryn¬ 
geal  surgery  have  been  addressed  by  this  research 
project.  The  laser-related  complication  rate  in  a 
selected  group  of  otolaryngologists  who  attended  a 
“hands-on”  course  that  stressed  safety  precautions 
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were  members  of  a  senior  society.  This  study  re- 
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group  who  had  taken  the  "hands-on"  workshop.  At¬ 
tendance  at  a  "hands-on"  laser  course  should  be 
mandatory  for  all  otolaryngologist— head  and  neck 
surgeons  contemplating  the  use  of  this  technology’ 
in  their  clinical  practice,  if  they  have  not  been  ade¬ 
quately  trained  in  laser  surgery  during  their  resi¬ 
dency. 

The  knowledge  gained  from  the  tests  on  the  incen¬ 
diary  characteristics  of  endotracheal  tubes  has 
raised  some  doubts  about  the  level  of  safety  asso¬ 
ciated  with  the  use  of  the  unwrapped  Xomed  Laser- 
Shield  tube.  Specifically,  this  tube  was  found  to  ig¬ 
nite  at  power  densities  lower  than  that  suggested  by 
the  manufacturer  in  an  atmosphere  of  30%  oxygen 
in  helium.  The  polyvinyl  chloride  tube  was  the  only 
tube  to  ignite  during  the  shuttered  mode  trials  and 
was  considered  unsafe  for  use  in  microlaryngeal 
laser  surgery,  even  when  wrapped  with  reflective, 
metallic  tape.  Both  the  Xomed  Laser-Shield  and 
Rusch  red  rubber  tubes  ignited  during  the  continu¬ 
ous  mode  trials.  Therefore,  they  should  be  wrapped 
with  reflective,  metallic  tape  if  they  are  to  be  used  in 
cases  of  laryngeal  laser  surgery.  The  safest  anes¬ 
thetic  gas  mixture  for  laryngeal  laser  surgery  was 
found  to  be  30%  oxygen  in  helium.  Safety  associ¬ 
ated  with  the  addition  of  2%  halothane  to  the  anes¬ 
thetic  gas  mixture  was  substantiated. 

Based  on  the  findings  of  this  study,  use  of  a  reflec¬ 
tive,  metallic  tape-wrapped  Rusch  red  rubber  endo¬ 
tracheal  tube,  or  a  Xomed  Laser-Shield  tube 
wrapped  with  reflective,  metallic  tape,  should  be 
considered  the  current  standard  of  care  when  per¬ 
forming  microlaryngeal  surgery  with  the  carbon  di¬ 
oxide  laser  in  an  intubated  patient.  The  laser  should 
be  used  in  the  shuttered  mode,  except  when  con¬ 
trolling  bleeding  or  performing  certain  types  of  en¬ 
doscopic  resections.  The  anesthesiologist  should 
ventilate  the  patient  with  30%  oxygen  in  helium  and 
may  use  2%  halothane  without  any  extra  risks. 

Additionally,  the  tube  cuff  should  be  protected  by 
inflation  with  methylene  blue-colored  saline,  neuro¬ 
surgical  cottonoids  should  be  saturated  with  saline, 
and  the  operating  platform  should  be  utilized. 

The  development  of  a  nonflammable  endotracheal 
tube  and  cuff,  for  use  in  cases  where  microlaryngeal 
surgery  is  performed  with  the  carbon  dioxide  laser, 
is  still  as  necessary  today  as  it  was  when  Hirshman 
and  Smith  first  stressed  this  need  in  1980. 
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with  bone  samples  placed  at  the  focal  point.  The 
efficiency  of  bone  tissue  ablation  is  expressed  as  time 
needed  to  remove  a  certain  ablation  length  at  a 
standard  bone  thickness.  The  experimental  results 
indicated  that  using  an  EriYAG  laser  with  single  pulse 
energy  ranging  from  46.5  to  344  mJ,  repetition  rate  of 
1-5  Hz,  the  mastoid  bone  was  removed  at  the  ablation 
speeds  varying  from  0.022  to  0.208  mra/s ,  dependant  upon 
the  given  laser  output  settings.  At  repetition  rates 
of  4  Hz  or  5  Hz ,  the  ablated  line  was  wider.  These 
preliminary  tests  showed  the  single  pulse  energy 
ranging  from  46.5  to  200  raj  with  2  a  Hz  repetition  rate 
might  be  the  optimal  condition  for  the  mastoid  bone 
removal  with  minimal  damage  in  surrounding  tissue. 
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PHOTOTHERAPY  OF  EXPERIMENTAL  BRAIN  TUMORS  WITH 
CHALCOGENAPYRYLIUM  DYES 

Selenapyryliura  and  tellurapyrylium  dyes  act  as  effective 
phocosensitizers  in  vitro  by  targeting  to  the  mitochondria 
of  transformed  cells.  Radiation  of  mitochondrial 
suspensions  treated  with  these  dyes  causes  inhibition  of 
the  function  of  cytochrome  c  oxidase  via  the  production 
of  singlet  oxygen.  Electronmicrographs  of  U-251  glioma 
cells  treated  for  15  minutes  with  10  uM  of  a  telluro- 
selenapyrylium  compound  and  then  exposed  to  100  mW/cm^ 
of  775  +/1  5  nm  light  for  15  minutes  produced  by  an 
argon-pumped  dye  laser  show  swelling  of  the  mitochondria 
with  disruption  of  the  mitochondrial  inner  membrane. 
Furthermore,  these  cationic  lipophilic  dyes  are  capable 
of  passing  the  blood  brain  barrier  and  are  concentrated 
in  tumor  tissue  relative  to  normal  brain  tissue 
(selectivity  ratio  equal  to  5.3  or  greater).  Preliminary 
in  vivo  studies  show  delayed  cellular  necrosis  following 
intravenous  injection  of  these  compounds  and  irradiation 
of  the  tumor  by  laser  light.  Thus,  these  compounds 
appear  to  have  a  tremendous  potential  for  in  vivo 
management  of  neoplastic  disease.  We  are  currently 
investigating  the  function  of  other  mitochondrial 
enzymes  upon  treatment  with  the  chalcogenapyrylium  dyes 
as  well  as  invest igating ' the  presence  of  these  dyes  in 
other  subcellular  sites. 
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STATE  OF  THE  ART,  LASERS  IN  NEUROSURGERY 
P.W.Ascher 

Over  1300  procedures  on  the  central  and  peripheral  nervous 
system  have  been  done  with  the  CO.  and  the  Nd:YAG  lasers 
since  theirintroduction  at  the  Department  of  Neurosurgery 
at  the  University  of  Graz.  The  biophysical  fundamentals  of 
laser  surgery  were  evaluated  experimentally  at  our  hospital 
and  have  been  described  in  detail. The  theoretical  conside¬ 
rations  that  led  to  the  laser's  use  have  been  conf i rmed.The 
CO.laser,  with  a  wavelengh  of  10.6  um,  is  s  superior  in¬ 
strument  for  cutting  and  vaporization. I ts  penetration  depth 
is  under  precise  control,  making  the  CO.laser  predistined 
for  use  on  the  brainstem  (92  patients)  and  in  the  spinal 
cord  (18  patients).  The  1.06  um  Nd:YAG  laser's  deep  pene¬ 
tration  is  a  result  of  scatterin,  and  prohibits  its  use  in 
these  areas.  Its  advantages  lie  in  its  ability  as  an  excel¬ 
lent  coagulator,  and  to  denature  tissue  in  depth.  With  the 
available  fiber  optic  systems,  the  Nd:YAG  lasers  is  also 
well  suited  for  endoscopic  procedures  as  well  as  for  opera¬ 
tions  on  highly  vascular  tumors  such  as  meningiomas .Since 
October  1986  we  are  studying  the  applicability  of  the  1.32 
um  Nd:YAG  laser. The  cutting  ability  of  this  laser  approa¬ 
ches  that  of  the  CO.  laser,  its  penetration  is  signifi¬ 
cantly  less  than  that  of  the  original  1.06  um  Nd:YAG  la¬ 
ser.  We  have  experimentally  tested  the  argon  laser  for  the 
obliteration  of  plaque  and  thrombus  in  carotid  artery 
disease.  The  results  were  not  encouraging.  Thus  today  we 
use  both  the  1.06  um  and  the  1.32  Nd:YAG  laser  for  endos¬ 
copic  recanalization  of  central  and  peripheral  arteries. We 
are  also  studying  the  Nd:YAG  lasers  for  the  vaporization  of 


the  nucleus  pulposus  in  patients  with  intervertebral  disc 
disease  (appropriate  fiber  optics  for  the  CO.  laser  are 
not  available).  Preliminary  results  are  encouraging  here, as 
in  the  preganglionic  stellatum  denervation  on  patients  with 
hyperhidrosis.  The  1.06  um  Nd:YAG  laser  has  proven  an 
excellent  tool  in  over  100  endoscopic  procedures.  With  the 
introduction  of  nuclear  magnetic  resonnance  imaging.we  are 
studying  the  stereotactic  use  of  the  Nd:YAG  laser  for 
interstitial  heat  denaturation  of  semibenign  central 
astrocytomas. 
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CONTACT  YAG  LASER  FOR  TONSILLECTOMY 
Deniz  F.  Bastuq,  MD;  Romeo  Y.  Lim,  MD,  FACS,  West  Virginia 
University  Health  Sciences  Center,  Charleston  Division 
The  advent  of  the  laser  ushered  in  a  new  era  of  surgical  versatility 
and  precision.  Thi6  paper  reports  the  use  of  the  contact  Nd-YAG 
laser  for  tonsillectomy  in  100  consecutive  patients.  When 
compared  to  the  conventional  and  electrocoagulation  technique 
the  Nd*YAG  laser  method  had  distinct  benefits  of  less  blood  loss, 
less  postoperative  tissue  reaction  and  granulation  tissue  formation, 
subjectively  less  postoperative  pain,  and  less  postoperative 
bleeding.  Because  of  decreased  morbidity,  90%  of  these  patients 
were  discharged  on  the  same  day  of  surgery. 
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KTP  LASER-INDUCED  MODULATION  OF  THE  WOUND  HEALING  PROCESS 
Michael  D.  Kyzer,  Al  S.  Aly,  and  Robert  M.  Ossoff,  Vander¬ 
bilt  University  Medical  Center,  Nashville,  TN  37232 
Castro,  et.  al. ,  have  reported  the  Nd: YAG  mediated  altera¬ 
tion  of  fibroblast  collagen  synthesis  ^n  vitro  without  con¬ 
comitant  cellular  damage.  This  project  investigates  a  sim¬ 
ilar  process  in  an  i£  vivo  rat  system  using  the  KTP  laser 
(532  nm).  Sprague-Davley  rats  were  anesthetized  with  ket¬ 
amine  and  pentobarbital  (intraperitoneally) ,  and  subsequently 
their  dorsal  epidermis  was  shaved.  The  exposed  epidermis 
was  then  cleaned  with  a  moist  cloth  to  remove  residual  mel¬ 
anin  pigment  which  possesses  a  significant  extinction  coef¬ 
ficient  at  532  nm.  The  rats  were  then  mounted  on  a  plexi¬ 
glass  translation  stage  whose  rate  of  horizontal  movement 
was  fixed  at  0.11  cm/s;  the  defocused  KTP  beam  (dia.  1  cm) 
was  directed  at  the  rats'  dorsum,  and  the  translation  was 
of  sufficient  duration  to  produce  two  discrete  3.0  cm  ipsi- 
lateral  strips.  One  of  these  strips  was  produced  with  a  2W 
beam  and  the  other  with  a  3.5W  beam.  A  scalpel  was  then 
used  to  create  an  incision  down  the  center  of  each  lased 
strip;  matched  control  incisions  of  identical  length  were 
made  on  the  contralateral  side.  The  incisions  were  each 
closed  with  four  skin  staples,  and  the  tensile  strength  of 
the  wounds  was  measured  acutely,  and  on  days  3,  7,  14,  and 
23  postoperatively. 

The  results  show  that  the  KTP  laser  effected  the  alteraticn 
of  normal  wound  healing  biology  in  such  a  manner  as  to  ac¬ 
celerate  the  initial  formation  of  wounds  having  supranormal 
tensile  strength.  Indeed,  preliminary  data  indicate  that 
these  hypertensiometric  wounds  supercede  the  strength  of 
their  matched  controls  by  32%  at  day  3  (n=5  for  each  time 
point),  presumably  secondary  to  augmented  fibroblast  colla¬ 
gen  deposition  at  the  wound  site.  The  rate  of  collagen 
synthesis  in  the  irradiated  tissue  will  be  determined  by  a 
^H-hydroxyproline  assay  specific  for  collagen  production. 
Furthermore,  the  distribution  of  fibroblast  activity  will 
be  investigated  by  an  in  situ  immunohistochemical  localiza¬ 
tion  technique  which  utTl lzes  a  radioactive  probe 
for  collagen  messenger  RNA.  The  present  results  already 
suggest  the  potential  role  of  the  laser  in  modulating  the 
process  of  scar  formation. 
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Technical  Solutions  Using  Q-switched  Nd:YAG  Lasers 
for  Laser  Induced  Shockwave  Lithotripsy 

F.  Frank1,  F.  Uondrazek1  ,  0.  Pensel^,  N.  Schroeller^ 

1  HBB-Medizintechnik  GmbH,  Appl ikationsforschung,  Munchen 

2  Urologische  Klinik  und  Poliklinik  der  Medizinischen 
Universitat  zu  Liibeck,  Lubeck 

Uith  high  power  lasers  electrical  field  strengths  of 
light  above  the  threshold  of  optical  breakdown  can  be 
generated.  The  amplitudes  of  the  emitted  shockwaves 
are  high  enough  to  fracture  all  kinds  of  stones 
deposited  in  the  human  body.  Via  a  special  device 
light  pulses  of  70  mJ  and  20  ns  generated  by  a 
q-switched  N(i:YAG  laser  are  coupled  into  a  flexible 
optical  fiber.  The  parameters  of  the  laser  system 
are  optimized  for  the  beam  transmission  in  thin 
quartz-glass  fibers  of  down  to  0,6  mm  in  diameter. 

In  the  vicinity  of  the  concrement  the  electromagnetic 
energy  of  the  light  pulse  is  converted  into  acoustic 
shockwave  energy  by  means  of  special  optical,  devices 
or  opto-acoustic  couplers.  These  systems  are  combined 
with  miniaturized  acoustic  reflectors  which  direct 
the  shockwaves  towards  the  calculus.  An  essential 
feature  of  these  devices  is  their  endoscopic 
application. 
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The  pulsed  dye  laser  versus  the  Q-switched  Nd:YAG  laser  in 
laser  induced  shock  wave  lithotripsy  - 
Physical  and  technical  aspects 

S.  Thomas,  J.  Pensel,  W.  Meyer,  R.  Fngelhardt,  M.  Kdster 
Medical  Laser  Center  Lubeck  and  Dept,  for  Urology, 

Medical  University  Lubeck 

Two  laser  systems  for  laser  induced  shock  wave  lithotripsy 
are  available  as  of  today,  the  pulsed  dye  laser  and  the 
O-switched  Nd:YAG  laser.  The  two  systems  differ  in  such 
essential  parameters  as  wavelength,  pulselength,  and  fiber 
input  and  output  characteristics. 

For  clinical  application  the  following  demands  must  be  met: 

-  high  stone  selectivety  -  easy  maintenance 

-  high  effectiveness  -  easy  applicability 

-  high  flexibility  -  pain-free  treatment 

A  critical  evaluation  of  advantagejand  disadvantages  of 
both  systems  as  to  the  demands  mentioned  above  is  given. 
Special  stress  is  laid  on  the  wavelength  dependent  effects 
of  calculus  destruction  and  the  main  side  effect  of  tissue 
injury. 
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Laser  induced  shock  wave  lithotripsy  - 

The  Q-switched  Nd:YAG  Laser  in  clinical  practice 

S .  Tho"ias,  J.  Pensel,  A.G.  Hofstetter 

Medical  Laser  Center  Lubeck  and  Dept,  for  Urology, 

Medical  University  Lubeck 
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Medical  University  Lubeck. 

Results:  During  the  technical  development  of  an  endosco- 
pically  applicable  system  2  patients  were  treated 
percutaneously  and  16  patients  by  transurethral  approach. 

In  11  patients  stone  desintegration  was  performed  solely 
by  LISL.  In  two  cases  the  impacted  ureteral  stone  was 
mobilized  and  pushed  into  the  renal  pelvis  where  following 
ESWL  could  be  performed.  Technical  defects  necessitated  the 
adjuvant  use  of  conventional  sonotrodes. 

A  state  up  of  all  patients  treated  until  April  1,  1988 
will  be  given. 


Biostimulation 
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ARE  MAST  CELLS  IMPLICATED  IN  THE  INTERACTION  OF  L0W-P0WER- 
-LASER  AND  TISSUE? 

*t> 

M.A.Trelles,  M.D.*.  E.Mavsyo,  M.D.Ha.Dr.**,  L.Miro,  Dr.Phys, 

J.Rigau;  M.D.*,  G.Baudin,  M.D.*** 

Summary 

We  have  examined  the  tcngje  of  the  swiss  mouse,  (rich  in  these  cells) 
after  2,4  j/cm2  hs-Na  632  rm  laser  irradiation  cn  al  ferrate  days  (5  ses¬ 
sions)  to  confirm  the  possible  ncrv-selective  action  of  lew  pewer  laser 
in  the  cfegrarulaticn  of  mast  cells  (MC).  Results  after  irradiation  with 
two  different  out -put  lasers,  but  applying  the  same  energy  density,  were 
qjantitatively  and  norphcrnetically  evaluated  bv  usincj  cptianicroscopy 
and  electrormicroscopy  examination.  At  the  same  time,  by  means  of  Radio 
Inmnology  Assay  (RIA) ,  the  tongue,  which  was  previously  pulverized,  was 
analized  qi£ntitatively  and  statistically  in  their  Histamine  ccrrponent, 
observing  that  its  level  changed  at  the  end  of  the  experiment  cenpared 
with  the  normal  level  of  Histamine  of  the  nen-irradiated  tengues. 

Ch  the  other  hand,  Histamine  contained  in  1C  granules  which  may  pass 
into  the  blood  strean  of  the  animal  cn  account  of  the  tengue  laser  irra¬ 
diation  was  also  gauged,  noting  that  practically  in  all  cases,  the  level 
vary  after  laser  irradiation  and  that  just  one  laser  irradiation,  of  the 
above  mentioned  characteristics,  was  capable  of  producing  histological 
charges  an  the  tissue  as  for  example  vasodilation  and  active  releasing 
of  M I  granules  to  the  interstitial  cell-mediun. 

The  observations  of  this  study  may  serve  as  one  of  the  possible  expla¬ 
nations  regarding  the  blast imulatory  mechanisms  of  low-pcwer-laser-radia 
tion,  a  process  not  yet  fully  understood  and  which  has  been  presented  as 
an  effective  therapeutic  procedure. 


■*  The  Medical  Institute  of  Uilafortuny,  Cambrils/Tarrago 
na  -E 

**  Histology  Dept,  of  the  Medical  School  of  Reus/Universi. 
ty  of  Barcelona  -E 

***  Central  Service  of  Nuclear  Medicine,  Medical  Biophysics 
and  Radioimmunology/Regional  University  Hospital  of  Ni- 
mes  -f 
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The  development  of  an  opto-mechanical  coupler  for  Q-switched 
Nd:YAG  laser  lithotripsy  enables  ureteral  application 
either  endoscopically  or  non-visual  application  under 
fluoroscopic  control. 

The  Q-switched  Nd:YAG  laser  system  employing  the  opto¬ 
mechanical  coupler  has  decisive  advantages  in  urologic 
applications  over  the  dye  laser: 

1)  the  laser  induced  breakdown  is  created  independent  of 
stone  or  surrounding  medium 

2)  the  plasma  bubble  is  shielded  against  the  tissue 

3)  direct  contact  or  defined  distance  to  the  stone  is  not 
necessary 

4)  tissue  damage  is  minimal  even  if  direct  irradiation  is 
maintained  over  a  prolonged  period. 

Clinical  assessment  of  endoscopic  and  blind  application  is 
currently  being  performed  at  the  Urologic  department  of  the 
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A  PRELIMINARY  STUDY  OF  THE  EFFECT  OF  CO2  LASER 
RADIATION  ON  CULTURED  ENDOTHELIUM  AND  ON  THE 
ADHESION  OF  NEUTROPHILS  TO  THESE  IRRADIATED 
CELLS.  Al  AIv.  Caroline  Kerr,  Richard  Hoover,  Robert  H. 
Ossoff.  Vanderbilt  Universtiy,  Nashville  Tennessee. 
Polymorphonuclear  leukocytes  (neutrophils)  and  vascular 
endothelial  cells  interact  with  each  other  for  a  variety  of 
physiologic  and  pathologic  reasons.  The  initial  step  in  an 
inflammatory  response  is  increased  neutrophil  adhesion  to 
the  endothelium.  The  purpose  of  this  study  is  to  determine 
whether  CO2  laser  radiation  affects  neutrophil-endothelial 
cell  adhesion  and  thus  modify  the  inflammatory  response. 

Initially  the  effect  of  irradiation  on  endothelium  integrity 
was  determined,  using  a  ^lCr  release  assay.  Endothelial 
cells  (from  bovine  lung  microvasculature)  were  grown  to 
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coefficient.  na.  is  an'1,  which  is  higher  thjn  previously  thought. 

(,2)  Expi  [Z\:  ihe  rule  of  surface  disruption.  -dT/dt,  is  slow  (10- -104  s'*,  or  0.1-1  ms) 
when  the  laser-induced  energy  density  produces  temperatures  of  100-635CC.  Above 
635°C  the  disruption  late  increases  “3000-fold  (I07-10S  s  l,  or  10-100  ns).  This 
temperature  corresponds  to  the  2570  J/cc  on  llu  I  pic  energy  required  for  complete  phase 
change  oi  the  irradiated  water. 

(3)  Expt  i  3]:  ihe  photographic  records  directly  support  the  above  results,  and  illustrate 
explosive  vaporization  of  the  ablation  site  irradiated  by  the  central  region  of  the 
Gaussian  laser  beam  that  attains  635°C,  and  slight  surface  disruption  in  a  surrounding 
ring  that  reaches  100-635°C. 

The  results  for  the  Q* switched  Ho-YAG  indicate  that  explosive  vaporization  can  occur  if 
the  laser-mduccd  temperature  exceeds  only  100°C.  The  deep  penetration  of  the  Ho-YAG 
laser  heats  a  thicker  tissue  layer  and  defeats  thermal  diffusion.  A  great  deal  of  liquid 
water  is  subsequently  ejected  on  the  ms  timescale,  apparently  due  to  the  low-pressure 
that  trails  the  initially  ejected  mass. 

In  contrast,  the  Er-YAG  laser  heats  only  a  surface  layer  (cl-pm  thick),  and  thermal 
diffusion  can  cool  Uic  heated  layer.  Unless  the  temperatures  achieve  635°C,  the  surface 
layer  cools  rapidly  by  dif  fusion,  and  rapid  evaporation  rather  than  explosive  phase  change 
occurs. 
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A  HISTOLOGIC  COMPARISON  OF  SUPERPULSE  C02  AND  CHOPPED 
CONTINUOUS  WAVE  C02  LASER  TISSUE  EFFECTS 
Jay  We-’fiaven.  Vanderbilt  University,  Nashville,  Tn. 

Bruce  R  Maddern,  Nemours  Clinic,  Jacksonville,  Fla. 

David  K:\fdatzke.  University  of  Pittsburgh,  Pittsburgh.  Pa. 

David  M  Harris,  Wu.nsKo  Laser  Center,  Chicago,  111. 

Sjporpulsing  a  carbon  dioxide  laser  beam  is  an  option  on  many 
medical  tiers.  The  observation  of  less  charring  at  the  impact  site  is 
observe*.:  clinically  but  no  quantitative  study  has  been  done  to  examine 
the  range  of  effects  of  the  various  parameters  of  superpulse  (  i.e.  pulse 
curation  [PD]  and  repetition  rate  [RR]). 

Quantitative  histologic  measurements  on  an  animal  model 
(depilateu  rat  skin)  w«,e  performed  using  a  Coherent  XL-55  C02  laser. 
The  ava  Obie  range  of  superpulse  parameters  were  a  pulse  duration  of 
100  -  900  microseconds  and  repetition  rate  from  100  -900  Hz  (RR 
dependent  upon  PD).  Nineteen  sets  of  superpulse  variables  were  paired 
with  chopped  continuous  wave  pulses  of  the  same  averago  power  to 
hssoe.  The  zone  of  thermal  coagulation  for  each  impact  was  measured. 

l.-ghteen  cl  nineteen  superpulse  parameters  demonstrated  less 
thermal  coagulation  than  the  continuous  wave  impact.  Most  were 
significant  at  the  p<0.05  level  (controlling  for  the  comparison-wise 
error  rule;. 

The  advantage  of  less  charring  and  less  thermal  coagulation 
suggest.,  suporpulso  is  clinically  useful,  especially  in  areas  such  as  the 
glottis  whore  minimal  thermal  effect  is  desired. 

Supported  by  a  grant  from  The  Children's  Hospital  of  Pittsburgh 
and  Coherent  Medical  Lasers,  Palo  Alto.  Ca. 
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PRIM-VtY  LABORATORY  RESEARCH  FOR  CUTING  &  WELDING 
OF  SKEW  SOFT  TISSUE  LIVER  AND  SPLEEN  OF  THE  ANI¬ 
MALS  WITH  LOW  POWER  YAG-COj  JOINED  LASERS 

Fu-Sh ju  Yang,  Zi-Fang  Giu,  Zeng-Ji  Xy,  Dong-Mei 
Yuan,  et  al. 

Lept.  of  Laser  Medicine,  Shanghai  Seamen's  Hospit¬ 
al.  Shanghai  200080,  China. 

1  r.  this  research,  the  operation  was  made  by 
low  p.wer  :  10.6  jum  (0-3w)  C02  laser  and  1.06  Aim 
(0-1w)  YAG  laser.  As  a  sealpel,  the  focal  spot 
di ampler  <0.5  .urn  of  CO,  laser  was  used  to  cuting 
the  s< in  of  abdomen  wall,  and  internal  organs  of 
small  rats.  We  welded  the  tissues,  closed  the 
blood  vessels  with  the  terminal  power  4lw  of  YAG 
laser  fiber.  The*  manual  operation  of  the  cuting 
end  v.  Li ; r.i'  by  lasers  was  made  under  the  magnify¬ 
ing  1  us. 

20  pure  race,  small  and  male  rats  were  used 
in  the  researen,  the  weight  of  each  was  about  of 
20  grams.  They  were  divided  into  liver  group  and 
spleen  group.  Each  group  contained  10  rats.  After 
laser  operation,  the  survival  rate  was  separately 
70  %  ( liver  group)  and  66  %  (spleen  group).  One 
week  after  the  operation,  the  activity  of  these 


rats  recovered  to  normal  conditions.  After  one 
month's  following  inspection,  the  rats  were  then 
anatomized. 

Through  histological  observation,  we  found 
the  appearance  of  an  evident  laser  biological 
effect  in  the  welding  area  of  operation. 
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EFFECT  OF  WAVELENGTH  ON  THE  SAFETY  AND  EFFICACY  OF  LASER 
LITHOTRIPSY,  Krishna  M.  Bhatta,  Thomas  Flotte,  Norman  S. 
Nishioka.  Wellman  Laboratories  of  Photomedicine, 
Massachusetts  Ceneral  Hospital,  Boston,  Massachusetts 
The  pulsed  dye  laser  has  been  used  for  laser  lithotripsy 
since  1985.  The  wavelength  for  laser  lithotripsy  (504 
nm)  was  chosen  based  on  stone  fragmentation  efficiency 
data.  However^,  we  recently  demonstrated  that  in  the 
presence  of  blood,  the  clinically  used  dye  laser  system 
can  perforate  a  rabbit  bladder  in  2  pulses.  This  has 
raised  concerns  about  the  feasibility  of  developing  a 
safe  technique  for  performing  lithotripsy  without  the 
benefit  of  direct  visualization.  Because  the  absorption 
coefficient  of  blood  decreases  at  longer  wavelengths, 
ve  wondered  whether  using  longer  wavelength  laser  pulses 
might  yield  a  greater  margin  of  safety.  Therefore,  we 
compared  the  fragmentation  threshholds,  fragmentation 
rates  and  tissue  effects  produced  by  dye  lasers  operating 
at  504,  630  and  695  nm.  All  laser  pulses  were  transmitted 
through  a  0.2  mm  core-diameter  quartz  fiber.  Fragmen¬ 
tation  threshhold  and  fragmentation  rate  increased  with 
increasing  wavelength.  The  magnitude  of  this  increase 
was  strongly  influenced  by  stone  composition,  with  the 
lighter  colored  stones  having  the  greatest  increase. 
Satisfactory  fragmentation  was  achieved  with  60  mJ/pulse 
at  504  nm,  65  mJ/pulse  at  630  nm,  and  90  mJ/pulse  at 
695  nm.  Using  these  pulse  energies,  in  vivo  experiments 
in  rabbits  demonstrated  that  in  the  absence  of  blood, 
more  than  100  pulses  were  required  to  perforate  a 
rabbit  bladder,  regardless  of  wavelength.  However,  in 
presence  of  a  submucosal  blood  vessel  or  overlying  blood, 
perforation  of  the  bladder  was  produced  by  2  pulses  at 
504  nm,  20  pulses  at  630  nm,  and  more  than  100  pulses 
at  695  nm.  Thus,  our  results  suggest  that  using  a  longer 
wavelength  laser  increases  the  margin  of  safety  for  laser 
lithotripsy.  These  findings  may  be  useful  to  investi¬ 
gators  developing  laser  lithotripsy  applications  that 
dispense  with  direct  visualization. 
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COMPARISON  OF  SAPPHIRE  CONTACT  SCALPELS  FOR  SURGERY 
RJ  Lanzafame,  T  Brien,  DW  Rogers,  J  Blackman,  JR  Hinshaw, 
Rochester  General  Hospital  Laser  Center,  Rochester,  NY 
Controversy  remains  as  regards  the  mechanism  for  the 
observed  tissue  effects  of  sapphire  tips  as  well  as  what  is 
the  optimum  use  of  the  myriad  of  tips  available.  This  study 
investigated  the  ability  of  sapphire  scalpels  to  incise, 
achieve  hemostasis  and  the  speed  of  incision.  Sapphire 
contact  scalpels  were  obtained  from  Heraeus  Lasersonics 
(Santa  Clara,  CA) ,  Sharplan  (Allendale,  NJ)  and  Surgical 
Laser  Technology  (SLT,  Malvern,  PA).  Frosted  and  unfrosted 
versions  were  tested.  All  blades  were  tested  at  15W 
continuous  wave  output  on  skin  and  liver  in  anesthetized 
New  Zealand  white  rabbits.  Histologic  evaluation  of  the 
zone  of  coagulation  was  performed  on  coded  samples  by  an 
observer  who  was  unaware  of  the  code.  The  duration  of  each 
incisional  procedure  was  timed  with  a  chronograph  and 
recorded  on  videotape.  The  following  observations  were 
made:  speed  of  warm  up  (virgin  blade)  SLT>  Sharplan > 
Heraeus,  subcutanecfus  hemostasis  after  skin  incision  - 
Sharplan  > Heraeus^  SLT ,  speed  of  incision  after  warm  up  SLT= 
Sharplan-Heraeus .  In  general,  there  was  no  significant 
difference  between  the  manufacturers  as  regards  the  width  of 
the  zone  of  coagulation,  nor  were  any  major  differences 
observed  when  clear  and  frosted  versions  were  tested.  Some 
Sharplan  prototype  tips  (specially  coated)  had  a  faster 
warm  up  and  slightly  faster  incisional  speed  than  commercial 
production  tips.  However,  this  was  not  statistically 
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Interaction  cf  Radiation  with  Cells  and  Cell  Components 


J.  Tribble,  J.  Kozub,  G.  Edwards,  K.  Lane,  A.  Aly,  and  R..  Ossoff, 

Vanderbilt  University 


The  first  step  of  this  study  involved  reducing  the  scattered 
light  from  a  suspension  of  living  cells  in  order  to  reveal  their 
UV-Vis  absorption  characterics .  Low  power  optical  density  was 
measured  for  suspensions  of  different  cell  types  as  a  function  of 
refractive  index  of  the  suspending  protein  solution.  The  protein 
concentration  yielding  minimum  optical  density  was  found  and  UV- 
Vis  absorbance  spectra  of  the  "clarified"  suspension  and  of  cells 
in  normal  saline  were  recorded.  Based  .  on  these  results,  we  are 
investigating  wavelength  dependent  effects  of  pulsed,  radiation 
from  an  Nd:YAG  pumped  tunable  dye  laser.  The  first  series  cf 
laser  experiments,  to  determine  bactericstasis  as  a  function  of 
laser  power  and  wavelength,  correlate  with  absorption  spectra. 
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THE  EFFECT  OF  C02  LASER  ON  FIBROBLAST  CULTURES 


John  F.  Laurenzo 

Al  £,  t  /*U. 

«<vv  ^  p/\. 
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Surgeons,  particularly  in  the  field  of  otolaryngology/head  and  neck 
surgery,  have  been  developing  and  refining  applications  for  the  carbon 
dioxide  (CO^)  laser  for  the  past  10  to  15  years.  During  this  time,  many 
studies  of  CO^  laser  wound  healing  have  appeared,  most  comparing  healing  of 
laser  and  standard  scalpel  incisions .  These  reports  consistently  described 
delays  in  CO^  laser  wound  healing  when  compared  to  healing  of  scalpel 
incisions.  Several  studies  involving  skin  wound  tensile  strength  comparisons 
between  scalpel  and  laser  incisions  in  rats  (6)  and  pigs  (2,5)  have  shown 
that  healing  laser  wounds  are  significantly  weaker  for  several  weeks  post¬ 
incision.  In  a  histologic  comparison  of  laser  and  scalpel  incisions  in 
pigs,  Norris  and  Mullarky  (10)  noted  delayed  collagen  formation  in  laser 
incisions  as  compared  to  scalpel  incisions.  Using  laser-  and  scalpel-cut 
explants  taken  from  pig  skin,  Moreno  et  al  (9)  found  that  while  epit'nelialization 
proceeded  at  the  same  rate  from  both  types  of  explant,  the  onset  of 
epithelialization  from  laser-cut  explants  was  delayed.  Despite  this 
accumulation  of  information  on  CO^  laser  wound  healing,  a  good  understanding 
of  this  topic  as  well  as  the  effects  of  CO.,  laser  on  cell  growth  and 
metabolism  has  not  yet  been  achieved.  Our  study  investigated  the  CO,  laser 
wound  healing  process  by  examining  laser  effects  on  fibroblasts,  perhaps 
the  most  important  cells  involved  in  the  wound  healing  process.  Specifically, 
we  studied  the  effect  of  r.oncy  totoxic ,  uefocused  CO,  laser  energy,  similar 
to  that  experienced  by  cells  adjacent  to  a  surgical  laser  wound,  on 
proliferation  of  human  dermal  fibroblasts  in  culture. 

Materials  and  Methods 

The  basic  method  used  in  this  experiment  is  based  on  that  used  by 
Castro  et  al  (4)  in  a  previous  Nd/YAG  laser  experiment. 
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Preparation  of  celi  cultures 

Frozen  samples  of  human  dermal  fibroblasts  were  thawed  and  plated  in 

culture  flasks  containing  a  growth  medium  composed  of  Dulbecco's  modified 

Eagle's  medium  (DMEM)  with  20%  fetal  bovine  serum,  100  U/ml  penicillin,  100 

ug/ml  streptomycin,  and  .025  ug/ml  amphotericin.  Cells  were  then  removed 

by  trypsinization  and  suspended  for  inoculation  into  96-well  tissue  culture 

plates  (Gibco,  diameter  of  single  well  =  .64  cm).  Prior  to  inoculation,  the 

suspension  was  counted  by  hemacytometer  and  the  volume  then  adjusted  to 
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allow  inoculation  of  5  x  10  cells  in  .2  ml  medium  per  well.  Pilot  experiments 
demonstrated  that  cells  reached  confluence  at  approximately  1  x  10^ 
fibroblasts  per  well  as  determined  by  Coulter  counter,  following  trypsinization. 
Since  fibroblasts  typically  divide  every  12  to  24  hrs .  until  reaching 
confluence  and  subsequent  growth  inhibition,  inoculation  of  cells  at  less 
than  10%  of  confluence  assured  that  cells  would  be  in  the  logarithmic  growth 
phase  throughout  the  experiment.  Cells  were  allowed  24  hrs.  to  attach  prior 
to  laser  treatment.  Immediately  prior  to  irradiation,  the  medium  was  removed 
to  minimize  energy  absorption  by  the  growth  medium,  thereby  limiting  possible 
thermal  effects  due  to  laser  heating  of  the  growth  medium.  After  laser 
treatment,  culture  wells  received  .2  ml  of  fresh  medium  and  were  then 
returned  to  incubation  at  37°  C.  Culture  medium  was  changed  every  2  days. 

Laser  properties 

The  laser  used  in  this  experiment  was  a  Sharplan  1040  surgical  CO^ 
laser  with  milliwatt  capabilities  (100  mW  and  up).  Culture  irradiation  was 
performed  using  continuous  wave  mode.  We  adjusted  beam  diameter  using  the 
continuously  variable  defocus  dial  (CVD)  on  the  Sharplan  719  micromanipulator 
attachment.  Using  a  400  mm  focal  length  lens,  adjustment  of  the  CVD  allowed 
us  to  produce  a  .616  cm  diameter  spot.  This  spot  diameter  allowed  coverage 
of  92.6%  of  the  culture  surface,  thereby  producing  extensive  coverage  of 
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die  culture  yet  allowing  room  to  avoid  interference  of  the  beam  by  the 
sides  of  the  well. 

Selection  of  Beam  Intensities 

Information  on  laser-tissue  interactions  published  by  Sliney  (12) 

suggested  that  the  maximal  noncytotoxic  CC^  beam  intensity  was  in  the  range 
2 

of  10  W/cm  and  less  (precise  CO^  laser  dose-response  curves  using  fibroblast 
cultures  are  presently  being  established  in  our  laboratory) .  We  therefore 
chose  to  irradiate  cultures  using  power  levels  from  0.1  to  3.0  W. ,  holding 
spot  diameter  constant  at  .616  cm  (Table  1).  Exposure  duration  was  held 
constant  at  .5  seconds. 

Determination  of  cell  viability  and  proliferation 

At  1,  12,  24,  48,  and  72  hrs .  post-irradiation,  cells  from  4  wells  per 
each  power  setting  along  with  4  control  wells  were  examined  for  viability 
and  proliferation  using  the  trypan  blue  exclusion  test  and  hemacytometer 
counting.  Preparation  of  each  well  for  the  trypan  blue  exclusion  test 
involved  removal  of  growth  medium,  followed  by  a  single  wash  using  .2  ml 
of  phosphate  buffered  saline  (PBS)  warmed  to  37°  C.  Calls  were  then 
trypsinized  for  3  minutes  using  .1  ml  of  .25a  trypsin  in  Hank's  salts  with 
EDTA .  A  . 1  ml  aliquot  of  growth  medium  warmed  to  37°C  was  then  added  to  the 
well,  raising  the  volume  of  cell  suspension  tc  .2  ml.  In  a  separate  vial,  a 
.1  ml  sample  of  cell  suspension  was  added  to  . 2  ml  of  growth  medium,  followed 
by  the  addition  of  .025  ml  trypan  blue,  to  produce  the  final  sample  used 
for  viability  examination  and  hemacytometer  counting.  For  all  wells,  the 
number  of  viable  cells  at  a  particular  time  point  was  calculated  from  the 
average  of  4  wells. 
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Statistical  Method: 


Data  were  analyzed  statistically  using  one  way  analysis  of  variance. 

Results 

The  actual  data  are  shown  in  Table  2.  Each  cell  count  shown  represents 
a  mean  of  4  sample  wells  per  energy  and  time  point.  Note  first  that  all 
cells  appear  to  remain  in  the  lag  phase  of  growth  until  some  time  after  48 
hrs.  post-inoculation.  The  normal  lag  phase  for  most  cells  lasts  approxi¬ 
mately  24  hrs.  post-inoculation.  Therefore,  a  separate  experiment  was 
performed  to  study  the  effect.  Cultures  from  the  same  stock  and  cell  line 
as  those  used  in  this  experiment  were  grown  under  identical  conditions 
(with  the  exception  of  being  radiated) ,  and  their  normal  growth  behavior 
observed.  Indeed  this  particular  line  of  fibroblasts  consistently  showed  a 
48  hr.  lag  phase  post-inoculation,  demonstrating  this  to  be  a  normal 
variation  for  this  individual  cell  line. 

Figure  L  summarizes  the  data.  Compared  to  sham-treated  controls,  cells 
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treated  with  3-0  W  (intensity  =  10.1  W/cm  )  demonstrated  a  significant  (P 
0.01)  decrease  in  rate  of  cell  growth  when  compared  to  the  control,  non- 
irradiated  group  0.1  W  (intensity  =  .336  W/cin^)  had  significantly  (P  0.02) 
accelerated  growth  rate.  Cells  treated  with  0.6,  1.2,  1.8  and  2.4  W  had 
growth  races  s ta t  is t ica 1 ly  similar  to  control  cells. 

Discussion 

The  purpose  of  this  experiment  was  to  study  fibroblast  response  to 
noncytotoxic  CO2  laser  energies.  In  particular,  we  were  interested  in 
responses  to  energy  levels  experienced  by  viable  fibroblasts  adjacent  to 
laser  wounds.  These  would  presumably  be  the  fibroblasts  involved  in  wound 
repair. 

Our  results  demonstrate  that  C07  laser  energy  delivered  at  intensities 
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in  the  range  of  10  W/cm  has  an  inhibitory  effect  on  fibroblast  proliferation. 
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This  suggests  that  the  well-characterized  delay  seen  in  C 0^  laser  wound 
healing  is  due,  at  least  in  part,  to  inhibited  fibroblast  proliferation. 
Several  explanations  for  this  effect  are  possible.  A  thermal  effect  caused 
by  heating  of  intracellular  water  may  have  caused  a  generalized  disruption 
in  cell  metabolism.  The  laser  could  also  be  exerting  specific  inhibitory 
effects  on  individual  processes  associated  with  cell  division,  one  example 
being  DNA  synthesis.  Further  studies  examining  the  effect  of  these  CO^  beam 
intensities  on  fibroblast  DNA  synthesis  and  collagen  production  are  now 
underway  and  will  hopefully  clarify  the  nature  of  the  effect  demonstrated 
in  this  experiment. 

This  ability  to  inhibit  fibroblast  proliferation  within  the  range  of 
maximum  noncytotoxic  laser  intensities  suggests  that  the  CO^  laser  would  be 
quite  useful  in  situations  where  minimal  postoperative  scarring  is  desired. 
One  such  instance  in  which  a  CO^  laser  is  already  often  used  as  the  method 
of  choice  is  in  treatment  of  vocal  chord  lesions.  Postoperative  vocal  chord 
fibrosis  with  residual  impairment  in  chord  function  is  a  complication  that 
could  potentially  be  eliminated  by  optimal  use  of  the  C0?  laser.  Pending 
the  development  of  flexible  fiberoptic  endoscopes  capable  cf  transmitting 
the  CO^  wavelength,  CO^  laser  vaporization  could  become  an  ideal  method  for 
treatment  of  esophageal  strictures  with  a  minimal  rate  of  stricture 
recurrence  . 

In  contrast  to  the  growth  inhibiting  effect  discussed  above,  C07  laser 
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irradiation  at  an  intensity  of  .336  W/cm  produced  an  increased  rate  of 
fibroblast  proliferation  compared  to  sham-treated  controls.  Potential 
explana-tions  could  include  a  proliferation-enhancing  thermal  effect  or 
perhaps  specific  effects  on  processes  involved  in  cell  division. 

Possible  enhancement  of  would  healing  and  cell  metabolism  using  low 
dose  laser  radiation  has  been  studied  by  a  number  of  investigators  using 
lasers  other  than  C07  (1,3,7,8,11).  The  results  of  our  experiment  suggest 
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that  low  doso  C0?  laser  irradiation  could  potentially  be  used  to  accelerate 
the  wound  healing  process.  In  this  manner,  the  CO^  laser  could  be  used  to 
enhance  wound  healing  in  patients  with  impaired  wound  healing  ability, 
including  elderly,  nutritionally  deficient,  diabetic,  and  steroid-dependent 
patients . 

While  the  results  of  this  experiment  are  interesting,  further  studies 
regarding  the  nature  of  CO^  laser  effects  on  fibroblasts  are  needed  before 
this  information  can  be  considered  for  practical  use.  In  currently  ongoing 
experiments,  we  plan  to  measure  the  effect  of  CO^  laser  energies  on  fibroblast 
collagen  synthesis  in  tissue  culture.  Indeed  future  developments  within  the 
broader  field  of  laser-cellular  interactions  will  certainly  present  many 
new,  therapeutically  beneficial  options  involving  the  use  of  lasers. 
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Hours  post-irradiation 


TABLE  L.  Intensity  and  Energy  Density  Delivered  to  Fibroblasts  at  Six 
_ Different  Power  Settings _ _ _ 


Power 

Setting  (W) 

.  1 
.6 
1.2 
1.8 
2.4 
3.0 

*  spot  diameter  .616  cm 


Intensity  (W/cm  ) 


Incident  Energy  2. 
Density  (Joules/cm  ) 


.336 

2.01 

4.03 

6.04 

8.05 

10.1 


.  168 
1.01 
2.01 
3.02 
4.03 
5.03 


*  exposure  duration  .5  sec 


TABLE  2:  Effect  of  CO^  Laser  Irradiation  on  Human  Dermal  Fibroblast 
Proliferation  (cells/well) 

ower  1  Hours  Post-irradiation 

etting  (W)  Intensity  (Wcm  ) _ 1 _ 12 _ 24 _ 48 _ 7_2 


0 

CONTROL 

5938 

+ 

51 

7500 

+ 

62 

7188 

+ 

60 

20469 

+ 

190 

28594 

+ 

130 

0.1 

.336 

6250 

58 

6250 

-f 

59 

6563 

+ 

60 

32500 

141 

40313 

146 

0.6 

2.01 

6563 

45 

7813 

+ 

48 

5938 

50 

25313 

+ 

137 

34063 

+ 

150 

1.2 

4.03 

3750 

+ 

37 

4688 

+ 

35 

6875 

52 

17188 

+ 

125 

35938 

+ 

138 

1.8 

6.04 

3125 

+ 

29 

4688 

+ 

30 

5625 

45 

12188 

+ 

128 

28438 

+ 

133 

2.4 

8.05 

3438 

+ 

38 

4375 

+ 

35 

5313 

51 

15313 

+ 

133 

30625 

139 

3.0 

10.1 

4063 

+ 

38 

4063 

+ 

31 

5625 

55 

15938 

+ 

131 

23125 

+ 

132 

3Z>  A 


N00014-87-C-0146 
October  1987  -  December  1990 
Dynamic  Characteristics  of  Biomembranes  and 
Membrane  Proteins 
J.  Oliver  McIntyre,  and  Sidney  Fleischer 
Vanderbilt  University 
Nashville,  Tennessee 


Our  long-range  research  interest  is  to  understand  how  the  cell  works  in  terms  of  its 
component  organelles  and  membranes.  We  are  studying  cell  function  at  several  levels  of 
organization,  from  the  intact  cell,  to  organelles,  to  membranes  and  to  molecular 
components.  The  focus  of  our  biophysical  studies  is  on  two  membrane  proteins.  The 
first  is  the  calcium  pump  protein  (CPP)  of  skeletal  muscle  sarcoplasmic  reticulum, 
which  is  one  of  the  extensively  studied  examples  of  a  membrane  ion  pump  due  to  its 
importance  in  cell  and  muscle  physiology  as  well  as  being  a  model  for  understanding 
biological  pumps  generally.  The  second,  3-hydroxybutyrate  dehydrogenase 
(BDH),  is  the  best-studied  example  of  a  lipid-requiring  enzyme.  BDH  has  an  absolute 
and  specific  requirement  for  the  phospholipid  phosphatidylcholine  (PC)  for  enzymic 
activity. 

Our  pre-FEL  research  includes  studies  to  characterize  the  rotational  motion  of 
membrane  proteins  as  well  as  to  measure  distances  between  unique  sites  on  membrane 
proteins  with  respect  to  one  another  and  with  respect  to  defined  positions  in  the 
phospholipid  bilayer.  The  biophysical  methods  employed  are  fluorescence  lifetime  and 
time-dependent  anisotropy. 

Preliminary  studies  have  been  carried  out  with  the  calcium  pump  protein,  a  transmembrane 
ion  pump.  The  pump  protein  has  been  labeled  at  unique  sites  with  either  IAEDANS  or 
FITC  or  EOSIN  fluorescent  probes  and  fluorescence  lifetime  and  time-dependent 
anisotropy  studies  are  in  process.  We  have  also  begun  studies  to  characterize  the  dynamic 
properties  of  BDH  reconstituted  into  phospholipid  vesicles  both  in  the  presence  and 
absence  of  activating  phospholipid,  i.e.,  PC.  Initial  studies  are  carried  out  using  the 
fluorometry  facilities  at  the  Laboratory  for  Fluorescence  Dynamics  of  the  University  of 
Illinois  at  Urbana  together  with  Enrico  Gratton,  our  collaborator.  Studies  are  now  in 
progress  with  equipment  recently  installed  in  the  FEL  facility  at  Vanderbilt.  Multifrequency 
phase  and  modulation  fluorometry,  with  excitation  from  a  sync-pumped,  mode-locked 
cavity-dumped  dye  laser  system,  was  used  to  obtain  fluorescence  lifetime  and  time- 
dependent  anisotropy  data  for  both  the  intrinsic  fluorescence  (tryptophan)  of  BDH  as  well 
as  for  BDH  covalently  derivatized  with  IAEDANS. 

Lifetime  data  were  analyzed  independently  (two  or  three  component  analyses)  as  well  as 
with  a  model-dependent  global  analysis.  The  data  indicate  that  the  tryptophan  fluorescence 
of  BDH  exhibits  three  lifetime  components,  which  are  similar  in  the  presence  versus 
absence  of  PC,  suggesting  the  environment  and  motional  characteristics  of  the  tryptophan 
of  BDH  are  not  modulated  by  PC.  For  the  IAEDANS-BDH,  three  lifetime  components 
were  also  detected  in  the  presence  of  PC.  With  this  probe,  time-dependent  anisotropy  data 
for  BDH  in  presence  of  PC  yielded  rotational  correlation  times  of  2.2  x  IO7  sec  and  4.7  x 
10*9  sec.  Studies  are  in  progress  to  relate  dynamic  processes  with  functional  state  of  BDH 
in  the  membrane.  We  are  in  the  process  of  modifying  the  fluorometry  facility  in  the  FEL 
Center  so  as  to  enable  both  broad  multifrequency  detection  and  quantitation  of  more  rapid 
dynamic  processes  as  required  for  correlation  of  structure  with  function. 
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A  previously  developed  kinetic  theory  for  lipid-dependent  membrane  enzymes  (Sandermann,  H.  (1982)  Eur.  J. 
Biochem.  127,  123-128)  is  used  to  examine  the  activation  of  protein  kinase  C  by  phosphatidylserine.  Hill-coeffi¬ 
cients  ranging  up  to  11  have  been  reported  for  activation  in  mixed  micelles  with  Triton  X-100.  On  the  basis  of.this 
uniquely  high  degree  of  cooperativity,  protein  kinase  C  has  been  postulated  to  represent  a  new  class  of  lipid-depen¬ 
dent  membrane  enzymes  (Newton,  A.  and  Koshland,  D.E.,  Jr.  (1989)  J.  Biol.  Chem.  264, 14909-14915).  In  contrast, 
activation  in  the  absence  of  Triton  X-100  has  led  to  Hill-coefficients  of  only  ^  2.6.  In  order  to  resolve  the  apparent 
discrepancy,  activation  is  now  considered  to  involve  binding  of  PS  monomers  to  interacting  sites  on  the  enzyme,  a 
non-activating  PS  trapping  process  also  occurring  in  the  presence  of  Triton  X-100.  Estimates  for  trapping  are  made 
for  several  sets  of  published  data  for  micellar  activation.  The  kinetic  model  developed  here  successfully  fits  each 
data  set  using  a  Hill-coefficient  of  only  3.0.  An  influence  of  Ca2+/ions  or  of  a  two-step  mechanism  of  lipid-protein 
interaction  are  considered  as  possible  molecular  explanations.  It  is  concluded  (i)  that  lipid  activation  of  protein 
kinase  C  may  proceed  without  unique  cooperativity  and  (ii)  that  ligand  trapping  could  provide  another  means  for 
‘threshold-type’  kinetic  regulation  of  membrane  enzyme  and  receptor  systems. 


Introduction 

The  activity  of  membrane-bound  enzymes  is  in  most 
cases  dependent  on,  or  modulated  by,  the  membrane 
lipid  phase  [1].  Lipid  activation  curves  are  as  a  rule 
sigmoidal  and  thus  possess  positive  kinetic  cooperativ¬ 
ity  [2,3].  In  the  special  case  of  diacylglycerol  kinase 
from  Escherichia  coli,  a  lipid-dependent  enzyme  has 
even  been  shown  to  be  capable  of  autocatalytic  self¬ 
activation  [4], 

The  molecular  basis  for  lipid  regulation  is  as  yet  ill 
understood.  Lipid/protein  binding  equilibria  are  at 
present  accessible  by  two  major  approaches  that  have 


Abbreviations;  v,  actual  enzyme  velocity,  V,  madmal  enzyme  veloc¬ 
ity;  "h.  Hill  coefficient;  PC,  phosphatidylcholine;  PE,  phosphatidyl- 
ethanolamine;  PG,  phosphatidylglycerol;  PS,  phosphatidylserine; 
(PS),,  concentration  of  total  PS;  (PS^,  concentation  of  completed 
PS;  (PS),0.  [PSJso,  [PSJ^o.  total  phosphatidylserine  concentrations 
required  to  reach  10%,  50%  and  90%,  of  V,  res.»ectively. 
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not  yet  nerged.  ESR-spectroscopy  considers  a  1:1 
exchange  of  bound  versus  free  lipid  and  leads  to  di¬ 
mension!,  ss  binding  exchange  constants  [5,6]  which 
are,  howc  /er,  not  useful  for  biochemical  kinetics  [3], 

The  second  approach  is  based  on  multiple  binding 
site  kinetics  [2,3].  Kinetic  cooperativity  is  attributed  to 
either  allosteric  interactions  between  lipid  binding  sites 
or  to  a  non-allosteric  mechanism  resulting  from  the 
lipid  solvation  of  the  membrane  protein.  A  kinetic 
theory  for  both  allosteric  and  non-allosteric  cooperativ¬ 
ity  of  lipid  activation  has  been  developed  [7].  However, 
there  is  still  a  paucity  of  experimental  systems  where 
the  theorerical  models  can  be  tested,  and  support  by 
biophysical  data  is  lacking.  Na+/K+-ATPase  [8,9]  and 
/3-hydroxybutyrate  dehydrogenase  [10,11]  probably  rep¬ 
resent  the  best-defined  systems. 

Kinetic  studies  on  membrane  enzymes  are  generally 
difficult  because  the  usual  kinetic  formalism  refers  to 
non-aggr  gated  homogeneous  solutions.  The  recogni¬ 
tion  and  dimination  of  kinetic  artifacts  caused  by  mi¬ 
cellar  or  liposomal  aggregation  processes  is  therefore 
of  great  importance  in  the  study  of  membrane  enzymes 
[3].  This  type  of  kinetic  analysis  is  presented  here  for 


the  activation  of  protein  kinase  C  by  phosphatidyl- 
serine  (PS).  The  lipid-dependence  of  this  membrane 
enzyme  has  been  reviewed  [12,13].  Protein  kinase  C  is 
of  particular  interest  since  it  acts  as  a  receptor  for 
phorbol  diesters,  and  plays  a  central  role  in  tumor 
promotion  and  numerous  other  important  physiological 
events  [14,15], 

Bell  and  co-workers  [16,17]  have  developed  a  mixed 
micellar  system  (using  Triton  X-100)  to  allow  system¬ 
atic  studies  of  the  interactions  of  protein  kinase  C  with 
its  most  effective  phospholipid  activator,  phosphatidyl- 
serine  (PS),  as  well  as  with  other  activators  and  in¬ 
hibitors.  The  detergent  was  reported  to  provide  a  ki- 
netically  inert  matrix  and  to  solubilize  protein  kinase  C 
in  monomeric  form  [16,17].  Curves  for  the  PS-depen- 
dence  of  histone  phosphorylation  in  micelles  were 
highly  sigmoidal,  with  Hill-coefficients  (nH)  of  up  to  11 
[16-23].  In  contrast,  previous  activation  curves  for  PS 
determined  in  liposomes  had  failed  to  display  a  pro¬ 
nounced  sigmoidal  shape  [24,25].  Activation  in  Triton 
X-100  mixed  micelles  also  gave  high  nH  values  for  the 
PS-dependent  binding  of  phorbol-diesters  and  for  the 
autophosphorylation  of  the  enzyme. 

Hill-coefficients  approaching  11  are  unique  and  have 
not  been  previously  reported  for  any  other  enzyme. 
Newton  and  Koshland  [23]  have  therefore  concluded 
that  protein  kinase  C  represents  a  new  group  of  lipid- 
dependent  enzymes,  that  interacts  specifically  and  co¬ 
operatively  with  2: 12  phospholipid  activator  molecules. 
This  far-reaching  conclusion  may,  however,  be  based 
on  a  kinetic  artifact,  as  indicated  by  the  present  kinetic 
analysis.  When  the  phenomenon  of  ligand  trapping  is 
taken  into  account,  the  published  data  sets  reduce  to  a 
fairly  common  Hill-coefficient,  nH  =  3.  At  the  same 
time,  ligand  trapping  is  identified  as  a  possible  mecha¬ 
nism  for  ‘threshold-type’  kinetic  regulation. 

Results 

Hill  coefficients  for  PS  activation 

Many  data  sets  for  activation  of  protein  kinase  C  by 
phosphatidylserine  have  been  published.  As  shown  in 
Table  I,  activation  in  mixed  micelles  with  Triton  X-100 
has  led  to  Hill-coefficients  in  the  range  of  4.7-11, 
whereas  activation  in  the  absence  of  Triton  X-100  has 
led  to  Hill  coefficients  in  the  range  of  0.7-2.6.  Table  *1 
contains  data  from  three  separate  laboratories  where 
reconstitution  in  the  presence  or  absence  of  Triton 
X-100  was  studied  under  similar  experimental  condi¬ 
tions. 

Basic  kinetic  models 

PS  is  proposed  to  bind  cooperatively  to  protein 
kinase  C,  with  a  stoichiometry  of  4  [30]  or  of  2  12  [23] 
lipid  monomers  per  enzyme  monomer,  with  the  addi¬ 
tional  participation  of  Ca2*  and  a  diacylglyccrol  or 


TABLE  I 

Hilt  coefficients  (n  H)  for  the  PS  dependence  of  histone  phosphorylation 
by  protein  kinase  C 

In  the  cases  tested  autophosphorylation  of  protein  kinase  C  as  well 
as  phorbol-diester  binding  had  similar  Hill  coefficients. 


Amount  of 
Triton  X-100 
used 

(9o,  w/v) 

Ca2*  concn. 

(mM) 

Ref. 

0.3 

0.1 

4.8 

16 

0.3 

0.1 

^  8.8 

17-22 

0.3 

0.1 

4.67 

26 

0.3 

0.1 

5.4* 

27  (Fig.  IB) 

0.1 

1.3 

ill 

23 

0 

0.01 

0.8  * 

26  (Fig.  2A) 

0 

1.3 

5  2.6* 

28  (Fig.  1) 

0 

0.6 

£1.02 

29 

0 

0.2 

0.7* 

27  (Fig.  7) 

*  nH  estimated  by  linear  regression  (Hill  plot)  from  the  published 
data  points  between  [PSl10  and  [PSl^.  The  figures  used  are  indi¬ 
cated  together  with  the  reference  numbers.  The  correlation  coeffi¬ 
cient  was  >  0.98  in  all  cases. 


phorbol-diester  activator  molecule.  As  previously  dis¬ 
cussed,  a  number  of  mechanisms  can  lead  to  kinetic 
cooperativity  in  the  absence  of  true  cooperative  inter¬ 
actions  [3].  In  the  present  communication,  a  specific 
alternative  kinetic  model  is  considered.  This  model 
involves  activation  by  binding  of  PS  monomers  at  dis¬ 
tinct  interacting  sites  on  protein  kinase  C.  In  addition, 
a  PS  complexation  process  induced  by  Triton  X-100  is 
considered  to  occur  as  a  non-activating  trapping  event. 
This  trapping  pbenomenom  is  similar  to  substrate  de¬ 
pletion  by  complexation  which  is  known  to  convert 
hyperbolic  velocity  curves  to  sigmoidal  curves  with  nH 
>  1  [31]. 

Rate  equation  for  ligand  trapping 

In  the  alternative  kinetic  model,  PS  in  mixed  mi¬ 
celles  with  Triton  X-100  may  undergo  two  types  of 
interaction.  Firstly,  PS  molecules  are  withdrawn  by 
some  as  yet  undefined  binding  reaction  that  does  not 
occur  in  Fposomal  systems.  The  second  possible  inter¬ 
action  involves  binding  of  PS  monomers  to  activator 
sites  on  the  enzyme.  A  simplified  kinetic  model  is 
based  on  the  following  assumptions: 

(1)  Trapping  proceeds  with  such  high  affinity  that 
all  initial  PS  is  consumed  until  the  total  possible  con¬ 
centration  of  complexed  PS,  [PS]e,  is  reached. 

(2)  The  concentration  of  excess  free  PS,  available 
for  enzyme  activation,  is  given  by  the  difference  be¬ 
tween  total  and  complexed  PS  concentrations,  dPS],  - 
[PS]C). 

The  degree  of  kinetic  cooperativity  can  be  described 


Total  [PS]  (mol  7.) 

Fig.  1.  Effects  of  activator  trapping  on  activation  curves.  Eqn.  1  of 
the  text  was  used,  with  arbitrary  values  n  H  —  2.8,  (PSljo  -  8  mol%,  to 
calculate  separate  curves  for  [PS],  —  0,  1,  3,  and  5  mol%.  The  curves 
for  [PS],  -  0  and  [PS],  —  5  mol%  are  labeled;  the  curves  for  [PS],  —  1 
and  3  mol%  occupy  the  intermediate  positions. 


by  a  modified  form  of  the  nonlinear  Hill-type  equation 
(cf.  Ref.  7); 

»  ([PS],-[PS)c)"H 

([PS],-[PS]c)"»  +  ([PS]j0-[PS]c)"H  (  5 

Here,  u  is  actual  velocity.  V  is  maximal  velocity,  [PS]J0 
is  the  total  PS  concentration  required  for  half-maximal 
activation,  and  nH  is  the  Hill  coefficient.  Remember 
that  the  value  of  nH  is  less  than  n,  the  number  of  PS 
binding  sites,  but  will  approach  n  if  the  strength  of 
cooperativity  between  the  sites  is  high. 

Specific  features  of  the  trapping  model 

According  to  Eqn.  1,  activator  trapping  should  sig¬ 
nificantly  influence  overall  apparent  kinetic  cooperativ¬ 
ity  and  Hill  coefficients.  Two  types  of  calculated  data 
are  used  to  illustrate  this  point. 

First,  in  Fig.  1  activation  curves  calculated  with  Eqn. 
1  become  significantly  steeper  with  increased  trapping 
of  PS.  Eqn.  1  predicts  that  at  various  amounts  of 
trapping,  50%  relative  activity  will  always  occur  at  the 
same  value  of  [PS]^  To  achieve  50%  activity  at  the 
same  value  of  [PS],  means  that,  in  the  presence  of 
trapping,  the  overall  cooperative  affinity  of  the  sites  for 
PS  must  be  correspondingly  higher  than  if  no  trapping 
occurred. 

Each  curve  of  Fig.  1  was  analyzed  with  the  standard 
linearized  Hill  equation  between  [PS]10  and  [PS]^,  not 
correcting  for  trapping.  The  apparent  Hill-coefficients 
obtained  are  2.8  (for  [PS],  -  0),  3.2  (for  [PS],  -  1),  4.4 
(for  [PS],  =  3),  and  7.0  (for  [PS],  =  5).  Another  index  of 
cooperativity,  the  ratio  [PS]<jo/[PS]10,  progressively  de¬ 
creases  from  4.7  (for  [PS],  =  0)  to  3.9  (for  [PS],  =  1), 


2.6  (for  [PS],  =  3)  and  finally  to  1.8  (for  [PS],  =  5). 
Non-cooperative,  hyperbolic  kinetics  would  have  a 
value  of  81.  This  example  shows  that,  if  trapping  did 
occur  in  an  enzyme- activator  system  but  was  not  ac¬ 
counted  for  in  the  analysis  of  the  behavior,  kinetic 
cooperativity  versus  the  activator  (and  thus  nH )  would 
appear  larger. 

Second,  a  complementary  treatment  was  developed 
as  follows.  Three  sets  of  activation  data,  (u//fve rsus 
[PS],,  were  calculated  from  Eqn.  1  assuming  no  trap¬ 
ping  ([PS],  =  0)  and  fixed  values  of  [PS]50  *=  8  mol%, 
and  nH  —  2.8,  4  or  8.  Then  the  data  set  for  each  fixed 
nH  value  was  fitted  with  Eqn.  1,  now  invoking  increas¬ 
ing  PS  trapping.  As  summarized  in  Table  II,  the  appar¬ 
ent  value  for  nH  decreases  when  an  increased  trapping 
term  (larger  [PS],)  is  inserted  into  the  fitting  equation. 
Thus,  in  the  presence  of  activator  trapping,  a  smaller 
number  of  cooperative  binding  sites  on  the  enzyme 
would  be  sufficient  to  explain  an  apparently  high  de¬ 
gree  of  kinetic  cooperativity. 

Application  of  trapping  model  to  published  data 

In  order  to  apply  the  present  kinetic  model  to 
protein  kinase  C,  three  published  data  sets  have  been 
analyzed.  In  the  original  publications,  the  data  were  fit 
to  the  standard  Hill  equation  (Fig.  2,  dashed  curves), 
and  yielded  the  published  nH  values  of  4.8  (Fig.  2A) 
and  8  ±  2  (Fig.  2B)  for  histone  phosphorylation /and  of 

8.7  ±  0.9  (Fig.  20  for  autophosphorylation. 

With  values  of  PS  trapping  estimated  from  the  data 
(see  legend  of  Fig.  2),  Eqn.  1  leads  to  calculated 
activation  curves  with  a  uniform  value  of  nH  =  3.0  (Fig. 
2;  solid  lines).  Thus  the  various  published  high  values 
for  nH  are  considerably  lowered.  The  present  and  the 
previous  treatments  result  in  the  solid  and  the  dashed 

TABLE  II 

Fitting  activation  data  with  Eqn.  1.  Increased  trapping  yields  lower  nH 
values 

Three  data  sets  of  (u/^versus  [PS],  were  calculated  using  Eqn.  1  of 
the  text,  using  fixed  values  of  [PS],  -  0  (e.g.,  no  trapping)  and  of 
[PSlso  —  8  moI%  in  each  case.  Each  data  set  was  calculated  with  a 
different  fixed  nH  value:  nH-2.8  (set  1),  nH»4.0  (set  2),  and 
nH  -  8.0  (set  3).  Each  data  set  was  generated  for  [PS],  ranging  from 
0  to  20  mol%,  in  0.1  mol%  increments.  The  data  sets  were  then  fit 
(by  nonlinear  regression)  to  Eqn.  1,  assuming  increasing  values  for 
[PS],  Each  column  lists  apparent  nH  values  (near  half-maximal 
velocity)  that  were  obtained  for  the  different  assumed  value  of  [PS], 
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Fig.  2.  Analysis  of  published  PS-activation  data  with  the  trapping 
model.  Data  points  and  the  values  for  [PS] jq  and  for  V  were  talcen 
from  the  following  sources:  Fig.  3  of  Ref.  16;  Fig.  2A  of  Ref.  23;  Fig. 
1A  of  Ref.  23,  data  obtained  with  7.5  mol%  dioleoylglycerol.  The 
dashed  curves  correspond  to  the  previously  published  Hill-coeffi¬ 
cients  and  were  calculated  with  Eqn.  1  using  [PS],  -  0.  The  theoreti¬ 
cal  curves  for  the  trapping  model  (solid  lines)  were  obtained  using 
Eqn.  1  of  the  text  with  a  value  of  nH  —  3.0  and  the  following  values 
for  (PS]C:  (A).  2.48  mol%;  (B)l  4.2  moi%;  (C),  4J  mol%;  each  value 
for  [PS],  was  determined  graphically  as  the  x-intercept  of  a  line 
drawn  tangent  to  the  mid-range  of  the  published  curve. 


theoretical  curves  of  Fig.  2.  These  curves  have  a  com¬ 
parable  fit  to  the  experimental  data  points.  No  decision 
between  models  is  therefore  possible  on  the  base  of 
mathematical  arguments.  However,  the  present  uni¬ 
form  Hill  coefficient  of  3.0  is  in  a  range  also  found  for 
other  lipid-dependent  enzymes  [3],  so  that  protein  ki¬ 
nase  C  may  not  be  unique. 

Discussion 

Triton  X-100  has  been  reported  to  act  as  an  inert 
matrix  in  the  activation  of  protein  kinase  C  [16,17].  The 
data  summarized  in  Table  I  show,  however,  that  Triton 
X-100  has  a  drastic  effect  on  apparent  cooperativity. 
The  reports  on  the  micellar  reconstitution  method 
[16-22]  ignored  the  lack  of  an  apparent  threshold  in 
PS  activation  curves  for  liposomal  systems  (see,  for 
example,  Refs.  24  and  25).  It  should  be  noted  that  most 
bilayer  titrations  were  carried  out  by  increasing  the 
ratio  of  total  lipid  to  enzyme,  at  constant  PS  mole 
fraction.  For  a  ligand  such  as  PS  in  a  bilayer,  it  is  more 
appropriate  to  vary  the  mole  fraction  for  the  activator, 
PS,  at  constant  total  phospholipid;  it  has  been  shown 
for  /3-hydroxybutyrate  dehydrogenase,  for  its  activator 
PC  in  a  bilayer  ‘background’,  that  varying  the  PC  mole 
fraction  yields  a  higher  Hill  coefficient  (nH  ~  2.4)  than 
titration  at  constant  PC  mole  fraction  (nH  =  1.8)  [11,32]. 
However,  it  is  clear  that  the  unique  degree  of  coopera¬ 
tivity  observed  for  activation  of  protein  kinase  C  by  PS 
in  the  Triton  X-100  detergent  system  has  not  been 
observed  in  bilayer  systems. 

There  has  been  a  tendency  to  accept  the  uniquely 
high  Hill  coefficients  in  Triton  X-100  as  a  fact.  The 
earlier  model  postulating  a  geometrically  defined  com¬ 
plex  involving  four  PS  molecules  [30]  has  recently  been 
replaced  by  a  geometrically  undefined  complex  with  six 
PS  molecules  [22].  Protein  kinase  C  is  thus  thought  to 
interact  in  a  highly  cooperative  fashion  with  6  [22]  or 
5:  12  PS  molecules  [23,28].  In  contrast  to  these  reports, 
all  other  previously  investigated  lipid-dependent  en¬ 
zymes  had  much  lower  degrees  of  kinetic  cooperativity 
[3,7],  Three  of  the  most  highly  cooperative  lipid- 
activated  enzymes  known  are  Na+/K+-ATPase  ( nH  up 
to  2.7;  [8]),  pyruvate  oxidase  (nH  up  to  3.6;  [33D  and 
/3-hydroxybutyrate  dehydrogenase  (nH  up  to  2.4;[llD- 
A  Hill-coefficient  in  the  same  range  (3.0)  was  obtained 
here  for  protein  kinase  C  after  taking  ligand  trapping 
into  account.  However,  it  became  clear  from  Fig.  2  that 
the  published  data  points  were  too  imprecise  to  distin¬ 
guish  between  the  high  cooperativity  models  and  the 
present  ligand  trapping  model.  There  is  thus  a  need  for 
better  kinetic  data  and  for  direct  PS  binding  data  in 
order  to  decide  between  models.  In  view  of  the  great 
physiological  importance  of  protein  kinase  C,  a  more 
detailed  discussion  seems  of  interest. 


Possible  influence  of  Ca2*  ions 

A  complex  phase  equilibrium  between  PS,  diacyl- 
glycerol,  detergent,  substrate  and  enzyme  proteins, 
Ca2'*'  and  Mg2+,  ATP  and  buffer  components  exists  in 
the  kinase  assay  mixture  used  (16-23],  The  complex 
and  non-physiological  conditions  employed  make  reli¬ 
able  conclusions  difficult.  Interactions  between  his¬ 
tones  and  PS  are  well  known  [22,27,29],  but  are  per¬ 
haps  not  critical  for  the  present  kinetic  analysis.  Auto¬ 
phosphorylation  and  phorbol-diester  binding  had  the 
same  high  Hill  coefficients  as  histone  phosphorylation, 
although  each  of  these  processes  had  a  different  PS 
dependence. 

A  possible  role  of  Ca2+-ions  in  the  mixed  micellar 
rassay  with  Triton  X-100  may  result  from  the  known 
Istrong  interaction  of  Ca2*  with  phosphatidylserineVand 
the  phosphatidylserine  polar  group  alone  [35].  The 
concentration  of  Ca2  +  used  in  the  micellar  assays  (> 
100  p.M)  was  much  above  the  physiological  range  ( ^  10 
nM)  which  was  used  in  some  of  the  liposomal  activa¬ 
tion  studies  [12,13,24,25],  When  0.3%  w/v  Triton  X-100 
was  used  in  the  complete  absence  of  Ca2+,  a  Hill 
coefficient  of  =  2.5  was  obtained  for  PS  activation  of 
the  Ca2 ‘"-independent  isoenzyme  and  of  protein  kinase 
C  [36].  This  Hill  coefficient  (estimated  from  Fig.  2A  of 
Ref.  36)  approximates  the  Hill  coefficient  of  3.0  found 
here  for  the  Ca2+-dependent  isoenzymes  of  protein 
kinase  C  after  correcting  for  PS  trapping.  Isoenzyme  e 
lacks  one  of  the  sequence  domains  that  are  involved  in 
the  binding  of  Ca2+,  but  also  in  binding  of  diacyl- 
glycerol  and  PS  [15].  On  the  other  hand,  when  Ca2+ 
concentration  was  lowered  in  the  standard  micellar 
assay,  no  obvious  decrease  in  the  initial  threshold 
became  apparent  [17].  The  available  data  therefpre 
allow  no  firm  conclusion  as  to  a  role  of  Ca2+  or 
Ca2+/Triton  X-100  in  PS  trapping. 

Two-step  mechanism  of  lipid-protein  interaction 

Protein  kinase  C  exists  as  a  monomer  in  Triton 
X-100,  and  the  monomer  has  been  proposed  to  be  the 
active  species  [16,17].  However,  the  enzyme  may  need 
oligomerization  [37]  or  a  bulk  binding  step  to  the 
micelle  prior  to  the  specific  activation  step.  Oligomer¬ 
ization  or  bulk  binding  of  protein  may  occur  much 
more  easily  in  liposomal  than  in  micellar  systems,  anji 
may  initially  consume  PS  in  micelles  Other  acidic 
phospholipids  could  conceivably  replace  PS  in 
oligomerization  or  bulk  binding,  but  not  in  the  specific 
activation  step.  It  has  indeed  been  observed  that 
equimolar  phospbatidic  acid  significantly  reduced  the 
threshold  for  PS  and  also  reduced  the  Hill  coefficient 
for  PS  from  9.6  to  4.8  [23].  Other  phospholipids  (PC, 
PE,  PG)  also  caused  a  significant  though  less  pro¬ 
nounced  decrease  of  the  Hill  coefficient  for  activation 
by  PS  [23],  Kinetic  anomalies  were  also  indicated  by 
the  described  strong  variation  of  Hill  coefficients  for 
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PS  activation  when  phorbol  diester  [18],  diacylglycerol 
[17]  or  sphingosine  [19]  were  included  in  the  assay 
mixture.  The  idea  of  ^  12  PS  molecules  being  the 
activating  species  [23]  may  furthermore  be  difficult  to 
reconcile  with  the  stereospecificity  for  an  L-serine  moi¬ 
ety  in  PS  [38].  However,  stereospecificity  was  not  abso¬ 
lute,  and  the  published  data  [38]  did  not  clarify  whether 
all  or  only  part  of  the  added  PS  had  to  contain  L-serine. 

Conclusion 

In  summary,  it  now  appears  that  the  published  in¬ 
terpretations  for  the  PS  activation  of  protein  kinase  C 
may  have  been  inconclusive  because  experimental  arti¬ 
facts  may  have  occurred  in  the  mixed  micellar  assay 
using  the  detergent  Triton  X-100.  Although  other  al¬ 
ternative  mechanisms  may  apply,  the  present  analysis 
indicates  that  protein  kinase  C  may  be  regulated  not 
through  the  lipid  activator  concentration  per  se,  but 
through  the  effective  lipid  activator  concentration  re¬ 
maining  after  physical  and  chemical  sequestering  pro¬ 
cesses.  Such  processes  may  occur  as  artifacts,  but  they 
could  also  occur  physiologically  and  provide  another 
general  mechanism  for  ‘threshold-type’  regulation  of 
■  membrane  enzyme  and  receptor  systems. 
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Our  long-range  research  interest  is  to  understand  how  the  cell  works  in  terms  of  its 
component  organelles  and  membranes.  We  are  studying  cell  function  at  several  levels  of 
organization,  from  the  intact  cell,  to  organelles,  to  membranes  and  to  molecular  components.  The 
ocus  of  our  biophysical  studies  is  on  two  membrane  proteins.  The  first  is  the  calcium  pump 
orotein  (CPP)  of  skeletal  muscle  sarcoplasmic  reticulum  which  is  one  of  the  extensively  studied 
examples  of  a  membrane  ion  pump  due  to  its  importance  in  cell  and  muscle  physiology  as  well  as 
oeing  a  model  for  understanding  biological  pumps  generally.  The  second,  3-hydroxybutyrate 
Jehydrogenase  (SDH),  is  the  best-studied  example  of  a  lipid-requiring  enzyme.  BDH  has  an 
absolute  and  specific  requirement  for  the  phospholipid  phosphatidylcholine  (PC)  for  enzymic  activity. 

Our  pre-FEL  research  includes  studies  to  characterize  the  rotational  motion  of  membrane 
aroteins  as  well  as  to  measure  distances  between  unique  sites  on  membrane  proteins  with  respect 
o  one  another  and  with  respect  to  defined  positions  in  the  phospholipid  bilayer.  The  biophysical 
nethods  employed  are  fluorescence  lifetime  and  time-dependent  anisotropy. 

Preliminary  studies  have  been  carried  out  with  the  calcium  pump  protein,  a  transmembrane 
on  pump.  The  pump  protein  has  been  labeled  at  unique  sites  with  either  IAEDANS  or  FITC  or 
EOSIN  fluorescent  probes  and  fluorescence  lifetime  and  time-dependent  anisotropy  studies  are  in 
jrogress.  We  have  also  begun  studies  to  characterize  the  dynamic  properties  of  BDH  reconstituted 
nto  phospholipid  vesicles  both  in  the  presence  and  absence  of  activating  phospholipid,  i.e.,  PC. 
nitial  studies  were  carried  out  using  the  fluorometry  facilities  at  the  Laboratory  for  Fluorescence 
Dynamics  of  the  University  of  Illinois  at  Urbana  together  with  Enrico  Gratton,  our  collaborator. 
Studies  are  now  in  progress  with  equipment  recently  installed  in  the  FEL  facility  at  Vanderbilt, 
/lultifrequency  phase  and  modulation  fluorometry,  with  excitation  from  a  sync-pumped,  mode-locked, 
avity-dumped  dye  laser  system,  was  used  to  obtain  fluorescence  lifetime  and  time-dependent 
nisotropy  data  for  both  the  intrinsic  fluorescence  (tryptophan)  of  BDH  as  well  as  for  BDH  covalently 
lerivatized  with  IAEDANS.  Lifetime  data  were  analyzed  independently  (two  or  three  component 
nalyses)  as  well  as  with  a  model-dependent  global  analysis.  The  data  indicate  that  the  tryptophan 
uorescence  of  BDH  exhibits  three  lifetime  components  which  are  similar  in  the  presence  versus 
bsence  of  PC,  suggesting  that  the  environment  and  motional  characteristics  of  the  tryptophan  of 
DH  are  not  modulated  by  PC.  For  the  IAEDANS-BDH,  three  lifetime  components  were  also 
etected  in  the  presence  of  PC.  With  this  probe,  time-dependent  anisotropy  data  for  BDH  in 
resence  of  PC  yielded  rotational  correlation  times  of  2.2  x  107  sec  and  4.7  x  10  s  sec.  Studies  are 
i  progress  to  relate  dynamic  processes  with  functional  state  of  BDH  in  the  membrane.  We  are  in 
le  process  of  modifying  the  fluorometry  facility  in  the  FEL  Center  so  as  to  enable  both  broad 
lultifrequency  detection  and  quantitation  of  more  rapid  dynamic  processes  as  required  for  correlation 
f  structure  with  function. 

We  anticipate  that  the  broad  tunability  of  the  FEL  especially  in  the  UV  and  IR  will  enable 
udies  including  specific  crosslinking  of  ligands  to  membrane  components  and  detection  of  new 
sonances  for  study  of  lipid-protein  interaction  in  biomembranes. 
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AHSTUA(T 

We  report  a  phenomenological  study  of  the  effects  of  532  and  30X  nm  laser  light  at  nanosecond 
and  picosecond  pulse  durations  and  at  two  different  repetition  rates  on  a  rat-brain  model.  The 
quality  and  morphology  of  each  ablation  well  and  of  its  relationship  with  the  laser  parameters 
were  made.  Special  attention  was  paid  to  unusual  shapes  of  the  cavity,  such  as  "keyholes,"  and 
the  effect  of  focussing  on  cavity  shape  was  investigated. 

INTRODUCTION:  Neurosurgical  applications  of  laser-tissue  interactions  have  been  directed 
to  (1)  singlet  oxygen-mediated  tumoricidal  photodynamic  therapy  via  excitation  of  various 
fluorescing  compounds  by  fiber-delivered  monochromatic  light,  and  (2)  precision  tissue  ablation, 
predominantly  using  the  CO2,  Nd:YAG  and  KTP-532  lasers  via  microslade-directed 
intramicroscopic  systems.  While  the  successful  application  of  photodynamic  therapy  techniques 
to  central  nervous  system  tissue  requires  fabrication  of  an  effi;ient  but  relatively  nontoxic  agent 
with  excitatory  wavelengths  suitable  for  maximal  light  penetr  tion  through  brain  parenchyma, 
precision  ablation  of  central  nervous  system  tissue  requires  the  experimental  identification  of 
combinations  of  laser  light  wavelengths,  pulse  and  power  characteristics  that  are  optimized  for 
clinical  use.  This  in  turn  requires  a  fundamental  understanding  of  the  processes  leading  to  the 
laser  irradiation-induced  desorption  of  brain  tissue. 

In  this  paper  we  report  observations  of  the  effects  of  laser  wavelength,  pulse  repetition 
frequency,  pulse  duration  and  fluence  on  the  ablation  of  brain  tissue.  In  this  investigation,  the 
influence  of  these  parameters  on  the  quality,  morphology  and  depth  of  the  ablation  well  was 
qualitatively  described,  and  related  to  observed  physical  characteristics  of  rat  brain.  The 
consequences  of  shifting  the  focal  spot  deeper  than  the  surface  were  considered  along  with  other 
possible  causes  of  the  "keyhole  effect,"  previously  noted  in  the  literature.  We  also  noted  the 
effect  of  the  saline  solution  as  a  control  for  tissue  hydration.  The  application  of  results  from  such 
an  inquiry  would  allow  the  development  of  clinically  optimal  oaradigms  for  laser  wavelength. 
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pulse  and  related  characteristics  to  guide  appropriate  selections  for  laser-induced  ablation  of 
neural  tissue. 


MATERIALS  AND  METHODS:  Freshly  excised,  intact  rat  brains  were  prepared  and 
placed  in  a  normal  saline  solution  (0.86  %).  The  brains  were  then  taken  to  the  laser  site  and 
irradiated  in  air,  noting  whether  they  were  wet  (saline  solution  on  the  surface),  or  dry  (no  liquid 
evident).  An  average  of  five  spots  per  brain  were  exposed  to  the  laser  light,  to  facilitate 
histological  analysis..  The  brain  was  affixed  to  a  microscope  glass  slide  mounted  on  a  translation 
stage.  The  laser  beam  was  reflected  from  a  mirror  and  passed  vertically  downward  through  a 
focussing  lens  to  strike  the  surface  of  the  brain,  located  near  the  focal  plane  of  the  lens. 

The  size  of  the  laser  spot  was  noted  before  the  lens  and  at  the  surface  of  the  brain,  and  used 
to  estimate  the  fluence.  The  translation  stage  was  used  to  move  the  brain  and  locate  each  new 
area  of  irradiation.  Care  was  taken  to  allow  for  the  curvature  of  the  brain  and  the  consequent 
shift  in  the  placement  of  the  focal  spot  above  or  below  the  surface.  Lenses  of  different  focal 
lengths  and  diameters  were  used,  and  the  power  levels  of  the  laser  were  monitored  several  times 
during  the  experiment  to  insure  the  constancy  of  the  experime  ital  conditions. 

After  exposure,  the  rat  brains  were  fixed  in  10  %  buffered  neutral  Formalin  overnight. 
Graded  alcohols  and  Xylene  were  allowed  to  infiltrate  the  tissue,  and  the  whole  brain  was  then 
embedded  in  paraffin.  Sections  were  cut  at  5  micron  intervals,  and  stained  with  Harris 
Hematoxylin  and  Eosin  (HxE).  The  slices  were  then  placed  on  microscope  slides  and 
microphotographs  prepared,  at  two  different  magnifications  (60  times,  26  times). to  generate 
relative  comparisons  of  ablation  well  depth  and  thermal  damage  zones. 

The  laser  used  varied  in  wavelength  X,  power,  pulse  repetition  frequency  (PRF),  and  pulse 
durations,  as  shown  in  Table  I. 


Laser  Type 

Mnm) 

Pulse 

Duration 

PP.F 

(II  7.) 

P  (W) 

E  (mj) 

I 

(MWcm1) 

Nd:YAG,  CW,  mode-locked 

632 

100  ps 

76  -iO6 

1 

0.03-0.08 
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Nd:YAG,  Q-switched,  mode- 
locked 

532 

35  ps 

10 

15 

636 

Nd:YAG,  Q-switched 

532 

1  1  ns 

10 

400 

46 

Excimer  (XeCl) 

308 

15  ns 

10 

230 

1.7 

RESULTS : 

Figure  1  shows  a  comparison  of  the  effects  of  two  different  wavelengths  on  ablation.  The 
first  dry  sample  (on  the  left),  irradiated  at  532  nm  and  magnified  60  times,  shows  less  ablation 
and  a  greater  zone  of  thermal  damage.  Yet  the  peak  fluence  of  this  irradiation  was  about  30 
times  that  of  the  308  nm  exposure.  Irradiation  at  308  nm  (on  the  right),  also  magnified  60  times, 
shows  deeper  ablation,  and  the  thermal  damage  seems  rather  limited.  The  ultraviolet  light  is 
more  attuned  to  the  vibrational  modes  of  the  proteins  and  nucleic  acids  present  in  the  components 
of  gray  matter,  but  this  of  course  ignores  the  in  vivo  effect  due  to  the  presence  of  blood. 

The  heating  of  tissue  by  a  continuous  1064-nm  laser  light  has  already  been  studied1 ,  and  it 
has  been  shown  that  this  wavelength  of  light  heats  the  blood  very  quickly  to  90  %  of  its 
maximum  temperature  within  3  s,  and  the  thermal  damage  to  he  brain  is  still  relatively  severe. 
The  thermal  damage  from  532-nm  light  follows  the  same  pattern,  although  it  is  diminished. 

Figure  2  illustrates  the  effects  of  high  and  low  pulse  repetition  frequencies.  The  sample  on 
the  left  was  dry  and  irradiated  with  532  nm  light  at  76  MHz  and  with  picosecond  pulses.  Notice 
the  greater  thermal  damage  and  immediate  carbonization  at  the  surface.  The  fast  repetition  rate 
does  not  allow  for  significant  diffusion  of  the  pulse  energy.  T  le  sample  on  the  right,  dry  and 
also  exposed  to  532  nm  light  with  picosecond  pulses  but  at  10  Hz  shows  an  entirely  different 
morphology.  A  keyhole  effect  now  appears,  and  the  surface  damage  is  more  contained.  Both 
areas  received  the  same  approximate  amount  of  total  energy  (=  35  J),  and  were  photographed  at 
60  times  magnification. 

The  dry  sample  on  the  left  of  Figure  3  was  exposed  to  pi  cosecond  pulses  of  532  nm  light. 
The  incision  created  ragged,  deeper  damage,  with  a  relatively  small  zone  of  thermal  damage. 

The  same  amount  of  total  energy  was  deposited  on  each  site,  but  the  pulse  energy  is  more 
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localized  in  time,  and  thus  does  not  have  sufficient  time  to  dilluse.  The  sample  on  the  right  was 
irradiated  w  ith  nanosecond  pulses.  Greater  thermal  damage  and  a  shallower  ablation  well  are 
apparent.  The  effect  of  pulse  length  becomes  obvious  if  one  considers  the  peak  intensities 
involved:  636  MW/cm2  for  the  picosecond  pulses  vs.  45.8  M'  V/cm2  for  the  nanosecond  ones. 

The  analysis  of  all  the  previous  effects  was  done  in  the  absence  of  blood  flow.  The  in  vivo 
case  would  of  course  require  knowledge  of  the  absorption  bands  due  to  oxyhemoglobin  and  other 
blood  components,  and  of  the  interactions  between  light  and  liquid.  Figure  4  shows  the  different 
absorption  bands  of  heparinized  rat  blood  (1:100  concentration  in  a  saline  solution):  note  the  the 
absorbances  at  308  nm  and  532  nm  are  not  too  dissimilar.  Also  note  the  significant  drop  in 
absorbance  near  290  nm,  suggesting  the  utility  of  future  study  of  the  interactions  of  248  nm 
excimer  laser  light  with  blood-irrigated  brain  tissue. 

As  a  first  order  model,  we  considered  the  effect  of  the  presence  of  the  saline  solution  (0.86 
%  salt  content).  Although  this  solution  contains  none  of  the  absorption  bands  of  blood,  it  does 
provide  a  zeroth-order  model  of  the  light-liquid  interaction.  Figure  5  compares  the  ablation  wells 
caused  by  532  nm  light  (picosecond  pulses)  at  76  MFiz  on  dry  and  wet  samples.  Dry  samples 
had  no  solution  apparent  on  the  surface  at  the  time  of  irradiation;  the  wet  samples  has  a  visible 
liquid  layer  on  the  surface.  The  exposed  areas  were  on  different  hemispheres  of  the  same  rat 
brain. 

The  wet  sample  shows  a  ragged  incision,  characteristic  of  a  "boiling  away"  of  material. 

The  dry  sample,  albeit  smoother,  shows  a  greater  degree  of  carbonization.  Thermal  damage 
seems  to  be  limited  in  both  areas. 

The  "keyhole"  effect  appeared  when  the  brain  was  irradiated  with  532  nm  light  picosecond 
pulses  at  10  Flz.  Note  that  this  exposure  has  the  highest  peak  power  used,  about  636  MW/cm2. 
This  strange  shape  seemed  to  be  related  to  the  depth  of  the  placement  of  the  focal  spot,  appearing 
only  when  the  spot  was  underneath  the  surface,  but  within  the  penetration  depth  of  gray  matter  (= 
0.6  mm).  This  suggests  that  the  keyhole  effect  is  simply  a  focussing  problem,  with  the  following 
explanation:  the  first  (conical)  part  of  the  well  is  due  to  the  continued  convergence  within  the 
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brain;  the  second  pan,  a  spherical  cavity,  occurs  when  the  reduced  area  causes  the  power  to  pass 
a  threshold  value,  on  the  order  of  1  GW.  This  causes  an  explosion  of  ablation  centered  around 
the  focal  point,  due  perhaps  to  thermal  lensing. 


DISCUSSION: 

The  presence  of  a  liquid  is  also  important  in  another  respect.  Figure  6  is  a  photograph  of  a 
side  slice  of  an  ablation  cavity.  Being  near  the  edge  of  the  well,  it  is  completely  covered  by 
tissue.  Thus,  the  morphology  of  the  cavity  is  more  like  a  sub-surface  "bubble",  with  a  small 
centrally  located  hole  through  which  the  laser  light  penetrates.  Hillenkamp  has  suggested  that 
the  bubble  is  caused  by  the  vaporization  of  liquid  within  the  tissue,  and  the  cover  remains 
because  the  liquid  present  is  able  to  evaporate  from  the  surface,  thus  dissipating  the  energy.  For 
the  76  MHz,  532  nm  picosecond  laser  irradiation,  an  audible  "pop"  was  heard  after  4  or  5 
seconds  of  exposure.  It  is  assumed  that  this  is  the  sound  of  the  bubble  bursting  due  to  the 
superheated  vapor  inside:  the  heated  vapor  cannot  leave  through  the  central  hole  faster  than  the 
rate  of  energy  being  deposited.  The  following  simple  calculaiton  seems  to  support  the 
hypothesis. 

The  penetration  depth2  of  532  nm  light  in  gray  matter  is  =  0.6  mm.  If  we  assume  a 
cylindrical  volume,  with  the  upper  and  lower  circular  areas  equal  to  the  area  of  the  focal  spot, 
and  the  height  of  the  cylinder  to  be  the  penetration  depth,  we  t  ien  have: 

A  Q  =  m  cp  A  T  +  m  L 
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The  mass  is  given  by  the  volume  and  the  density  of  water,  so  m=  1.2  mg,  and  A  T=  78  C  If 
we  assume  the  mass  of  the  tissue  to  be  80  c/<-  water,  then  m=  0.965  mg.  Thus  ,  A  Q  =  2.26  J.  We 
now  use  the  average  power  of  the  laser,  1.25  W,  after  noting  that  the  absorbance  of  gray  matter  is 
42  %  at  532  nm.  So  the  time  it  takes  to  boil  the  water  contained  in  the  cylindrical  volume  is 
approximately  4.3  s,  well  in  agreement  with  the  observed  results  for  brain  tissue  with  no  water 
on  the  surface.  In  the  case  of  the  collimated  (unfocussed)  beam,  the  radius  was  approximately 
2.2  times  the  focussed  beam  waist,  so  m=  5.8  mg,  and  A  Q  =  10.86  J,  leading  to  an  evaporation 
time  of  21  s.  The  actual  time,  as  determined  by  the  audible  "pop",  was  25-26  sec.  The 
differences  might  be  attributed  to  the  heating  of  the  vapor  to  the  point  of  tissue  explosion. 

Sa'ar^  et  al.  have  shown  that  cavitation  facilitates  the  transmission  of  laser  light  in  liquids,  but  in 
this  case  the  liquid  is  trapped  within  the  tissue,  allowing  for  localized  dessication  of  the  material 
and  explosive  liberation  of  the  heated  steam,  and  this  was  observed  in  1064-nm  light  incident  on 
brain  tissue.1  The  clinical  importance  of  understanding  such  explosive  ablation  processes  is 
obvious  and  well  documented. ^ 

The  quick  rise  in  the  depth  of  penetration  for  the  focussed  beam  occurs  around  5  s,  due  to 
the  explosion  of  the  vapor  bubble  and  the  consequent  rapid  increase  in  yield.  For  the  unfocussed, 
collimated  beam,  the  rate  of  removal  also  increases  dramatically  after  approximately  20  s,  again 
due  to  the  vapor  bubble  explosion.  It  is  also  worthy  of  note  that  the  depth  of  penetration  for  the 
focussed  beam  is  expected  to  saturate  after  some  time,  due  to  the  divergence  of  the  beam  waist, 
which  leads  to  a  decrease  in  the  fluence  and  in  the  removal  of  new  tissue.  This  is  not  observed, 
however,  even  after  2  min  of  exposure.  The  collimated  beam  diverges  only  slightly,  and  it  could 
penetrate  the  entire  brain  if  the  irradiation  lasted  long  enough.  This  might  suggest  the  use  of 
lenses  with  short  focal  lengths,  which  might  lead  to  lesser  damage  in  the  tissue  underneath  the 
irradiated  area  due  to  their  greater  divergence  with  respect  to  depth  and  consequent  decrease  in 
the  fluence  of  the  beam  after  it  passes  its  focal  point. 
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CONCLUSIONS: 

First  order  observations  of  the  effects  of  wavelength,  pulse  length  and  pulse  repetition  frequency 
were  reported.  Ultraviolet  light  (308  nm),  attuned  to  the  vibrational  modes  of  the  gray  matter 
components  (such  as  proteins  and  the  bases  of  the  nucleic  acids),  showed  better  ablation  profiles, 
causing  deeper  etch  wells  and  lesser  thermal  damage  than  the  532  nm  light.  Picosecond  pulses 
(35  ps)  created  deep,  ragged  ablation  wells,  whereas  nanosecond  pulses  (11  ns)  made  smoother 
but  shallower  impressions  and  caused  greater  thermal  damage.  The  optimal  length  ought  to  be 
between  these  two  extremes,  perhaps  around  1  ns.  A  weaker  dependence  on  thee  pulse  repetition 
frequency  was  observed,  in  which  light  at  76  MHz  inflicted  more  surface  damage,  but  did  not 
etch  any  deeper  than  light  at  10  Hz.  The  "keyhole"  effect  was  also  studied,  and  an  explanation 
was  suggested  according  to  which  the  morphology  is  due  to  the  continued  convergence  of  high 
peak-power  laser  light  within  the  penetration  depth  of  gray  matter.  Other  factors  were  also 
considered  in  the  creation  of  the  ablation  well,  such  as  the  saline  solution  and  the  influence  due 
to  the  absence  of  blood  flow. 
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Figure  1 :  Comparison  of  the  effect  of  irradiation  with  532  nm  light  (on  the  left),  and  308  nm 
ultraviolet  light  ton  the  right)  on  the  ablation  well  morphology. 

Figure  2;  Comparison  of  two  different  pulse  repetition  frequencies  on  the  desorption  of  gray 
matter.  The  sample  on  the  left  was  shot  at  76  MHz,  while  the  one  on  the  right  at  10  Hz  (the 
wavelength  was  kept  constant  at  532  nm). 

Figure  3:  Picosecond-duration  pulses  of  532  nm  light  were  used  to  irradiate  the  sample  on  the 
left,  whereas  nanosecond  pulses  were  used  on  the  sample  on  the  right. 

Figure  4:  Absorption  bands  of  heparinized  rat  blood,  in  a  1:100  saline  solution. 

Figure  5:  Effect  of  the  presence  of  water  on  the  tissue.  The  ;ample  on  the  left  was  wet  and 
irradiated  with  532  nm  light  at  76  MHz;  the  one  on  the  right  v  as  dry. 

Figure  6:  Sub-surface  bubble  in  gray  matter,  near  the  edge  of  the  ablation  well. 

Figure  7:  Penetration  depth  of  532  nm  light  in  gray  matter,  approx.  0.6  mm. 

Figure  8:  Illustration  of  the  keyhole  effect,  created  with  532  nm,  10  Hz,  light  with  nanosecond- 
length  pulses. 
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Figure  5.  Comparison  of  ablation  wells  from  wet  and  dry  sites 
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ABSTRACT 

ic  neurosurgery  is  a  technique  in  which  a  rigid  frame  is  applied  to  the  patient’s  head  and 
lages  acquired.  Because  the  frame  and  the  lesion  are  visible  in  the  images,  the  lesion  can 
‘"’e  to  the  frame.  Devices  may  then  be  attached  to  the  frame  to  direct  surgical  instruments 


ntional  stereotactic  neurosurgery  remains  a  point  by  point  process,  conceptually  little  changed 
iginal  devices  which  were  designed  for  use  with  pneumoencephalograms.  The  exponential  rise 
int  of  available  imaging  information  over  the  past  15  years  has  not  been  matched  by  intrasurgical 


fA  new  device  will  be  presented  which  allows  the  intrasurgical  position  and  trajectory  to  be  displayed 
operative  images.  This  device  has  sub-millimetric  accuracy  and  precision  and  is  limited  only  by  the 
voxel  size.  The  device  can  use  both  CT  and  MRI  image  sets  concurrently  or  exclusively, 
plications  include  surgical  planning,  biopsy,  bone  flap  location  and  intracranial  localization.  Both 
intom  and  clinical  procedures  will  be  shown. 


1.  PRESENT  TECHNIQUES 


1.1  Stereotactic  Devices 


Present  day  medical  tomographic  imaging  can  provide  exquisite  detection,  localization  and 
visualization  of  lesions  within  the  head.  Specific  targets  can  be  localized  relative  to  other  visualized 
anatomic  landmarks  with  positional  uncertainties  limited  only  by  pixel  size  and  slice  thickness.  However, 
when  the  surgeon  begins  to  operate  that  information  is  left  on  the  light  box.  The  relationship  between  the 
present  surgical  position,  the  lesion  and  objects  of  concern,  such  as  major  blood  vessels,  is  bound  by  the 
accuracy  of  the  surgeon’s  recall  and  training. 

Present  stereotactic  devices  arose  from  attempts  to  use  the  information  available  in  medical  images 
to  guide  the  surgeon  to  the  target.'  The  field  is  dominated  by  four  systems;  the  Leksell,  the  Kelly-Goerss 
modification  of  the  Todd-Wells,  the  Riechert-Mundinger  and  the  Brown-Roberts-Wells  (BRW).  The  BRW 
is  notable  in  that  it  was  the  first  apparatus  to  be  developed  based  on  tomographic  images  The  first  three 
were  initially  developed  when  the  primary  form  of  neurological  imaging  was  the  ventriculogram.  They  all 
were  later  modified  to  use  tomographic  data  2S. 

In  order  to  use  these  devices  a  frame  such  as  the  one  shown  in  Figure  1  is  attached  to  the  skull  by 
screws  or  pins.  A  set  of  N-shaped  bars  formed  of  a  material  perceptible  on  the  desired  imaging  modality. 
When  the  images  are  made,  the  cross-section  of  the  N-Bars  are  visible  in  the  image  frame.  See  Figure  2. 
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Figure  2.  Axial  image  showing  N-bar 
localization  markers. 


By  making  the  frame  visible  in  the  images,  lesions  and  other  sites  of  surgical  interest  may  be  locatec 
relative  to  the  frame  as  well  as  to  other  anatomic  positions  Devices  may  then  be  attached  to  the  frame 
to  geometrically  guide  the  surgeon  to  the  site  of  interest.  While  this  sort  of  guidance  was  a  major  surgica 
breakthrough,  several  factors  limit  its  usefulness 
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is  that,  after  the  physician  has  located  the  desired  target  and  entry  points  and 
ajectory,  all  of  the  information  available  in  the  images  is  reduced  to  a  series  of 
iters.  The  relationship  between  these  parameters  and  the  physical  space  of  the  head 
.  at  the  time  of  surgery,  should  any  change  in  the  pre-planned  process  be  desired, 
’blve  the  entire  procedure.  In  addition,  since  the  relationship  between  frame 
location  is  non-intuitive,  it  is  difficult  for  the  surgeon  to  detect  any  but  the  grossest 


problem  is  that  there  is  no  feedback  as  to  present  physical  position  relative  to  imaged 
:ory  marker  may  be  advanced  to  accompany  the  surgery'  but  that  places  the  frame  in  the 
in  and  only  provides  information  regarding  a  single  path.'' 


Arms 


'culated  arms  are  flexible  devices  whose  endpoint  locations  may  be  determined  by  a  series  of 
calculations.  A  great  deal  of  the  scientific  development  of  articulated  arms  arises  from  the 
if  robotics7,  however,  unless  external,  mechanical  power  is  provided  for  moving  the  articulated  arm 
tired  location,  the  device  is  not  a  robot.  A  drawing  of  a  three-link,  6  degree  of  freedom  articulated 
"provided  in  Figure  3. 


Figure  3  A  three-link,  six  degree-of-freedom  articulated 
arm. 


;  i 
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The  end  effector’s  position,  d.  is  calculated  by  use  of  the  forward  kinematic  equation  shown  below. 


T.TT.T/I.T, 


0)1 


T,  represents  a  4x4  rotational  matrix  for  the  Xth  joint.  An  example  of  one  such  rotational  matrix, 
in  this  case  a  rotation  about  Z  and  a  translation  in  Y  is  shown  in  Equation  2. 
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Since  the  link  lengths  are  fixed,  and  the  matrices  are  sparse,  the  matrices  are  combined  in  a  chaining 
operation  to  a  single  set  of  calculations  in  which  the  coefficients  are  changed  as  a  function  of  the  joint 
angles. 


The  accuracy  of  the  endpoint  determination  is  a  combination  of  angular  detection  and  machining 
precision.  In  a  revolute  articulated  arm  (all  motion  is  angular),  the  perfect  determination  of  the  end 
position  requires  that  all  angular  motion  must  be  accounted  for  and  exactly  measured.  In  addition,  the  link 
lengths  and  geometries  must  be  flawlessly  known.  Bends  in  the  links  and  runout  in  the  bearings  cannot  be 
accounted  for  and  would  be  a  source  of  error.  Beyond  these  errors,  accuracy  questions  are  geometric;  for 
a  given  set  of  link  lengths,  how  accurately  must  the  angles  be  known  for  a  specific  endpoint  accuracy'? 


1.3  Required  Accuracy 

In  any  stereotactic  or  image-guided  surgical  system  errors  may  arise  from  a  number  of  places. 
Distortions  in  the  imaging7,  mechanical  misadjustment  or  changes  due  to  slippage  of  frames  or  markers 
between  imaging  and  surgery  or  during  surgery.  In  addition  to  errors  theie  are  a  series  of  uncertainties. 
The  ability  of  any  imaging  system  to  localize  a  single  point  in  space  is  bound  by  the  voxel  size.  Mechanical 
systems  may  be  exactly  adjusted  yet  the  location  of  the  tip  is  not  a  point  but  a  volume  in  space  described 
by  the  device’s  mechanical  resolution. 

Both  the  errors  and  the  uncertainties  between  imaging  and  device  are  independent.  Therefore,  their 
effects  form  a  vector  addition.  Overall  system  performance  can  only  be  described  by  the  sum  of  each 
process’s  performance.  Due  to  the  vector  nature  of  this  sum,  on  any  given  operation  errors  may  cancel 
each  other  and  excellent  precision  be  obtained,  but  the  specifications  must  be  made  on  the  worst  case. 

The  accuracy  needed  for  surgical  procedures  is  primarily  dependent  on  location  of  the  lesion. 
Lesions  near  the  midbrain,  optic  nerves  or  major  blood  vessels  require  much  more  accuracy  than  other 
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ver,  the  vector  nature  of  the  error  requires  that  design  error  tolerances 
„  moves  3  mm  during  surgery  and  the  device  localizes  a  target  to  within 
y  be  0  or  6  mm.  The  difficulty  is  determining  which  case  do  you  have. 


2.  METHODS 


were:  submillimetric  arm  accuracy  and  sub-second  image  display.  The  first 
is  the  design  of  the  articulated  arm. 


Irror  Analysis 

determine  the  parameters  required  to  realize  the  desin  goals,  we  performed  a  series  of 
method  of  analysis  for  the  arm  geometry  consisted  of  determining  a  desirable  physical 
•ation,  solving  the  inverse  kinematic  equation  using  the  Denevits-Hartenberg  (D-H) 
(.obtain  an  analytic  solution  for  each  joint  angle,  and  generating  positional  errors  across  the 
te.  Modelling,  error  generation  and  analyses  were  accomplished  through  integration  of 
sting  robotics  simulation  procedures  s\  modified  procedures  and  oritiinal  software.  The  error 
rolved  the  following  steps: 

t 

,  Generation  of  a  model  of  the  articulated  arm,  including  link-lengths  and  joint  configuration. 
Jb.  Simulation  of  the  moving  of  the  endpoint  to  a  target  in  the  surgical  volume. 
f-C.  Each  joint  was  then  displaced  one  encoder  least  significant  bit. 

1  d  ^  new  endPoint  position  was  compared  to  the  initial  position  and  the  endpoint  error  calculated. 

s-  The  resuhs  of  the  simulation  studies  suggested  that  a  device  which  allowed  access  to  the  entire 
pal  field  could  be  constructed  using  16  bit  angular  encoders  resulting  in  a  worst-case  endpoint 
lltional  error  of  much  less  than  1  mm. 

-2i3>  Position  Calculation  and  Image  Handling 

The  second  question  to  be  addressed  was  one  of  data  rates.  In  order  to  be  truly  interactive,  we 
proposed  a  positional  display  refresh  rate  of  0.5  seconds.  The  position  refresh  rate  is  defined  as  the  period 
required  by  the  following  chain  of  events:  ' 


heir 

each 

ncel 

e. 


ion. 

ther 


a.  The  pointing  arm  is  moved  from  the  present  point  in  the  surgical  field  to  a  new  one. 

b.  The  new  angular  positions  are  captured  and  the  new  endpoint  position  determined 

c.  The  appropriate  image  slice  is  determined  and  the  new  512x512  image  is  displayed. 

A  0.1  second  end-to-end  traversal  of  the  surgical  space  of  a  6  revolute-joint  arm  results  in  a  slightly  less 
than  10,000  bits/second  data  rate.  Once  the  angular  values  are  captured,  the  calculation  of  the  new 
endpoint  position  (d)  would  take  588  floating  point  operations  if  each  T,  was  a  general  4x4  matrix. 
However,  since  the  matrices  are  sparse  only  123  floating  point  operations  are  needed. 
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,;e  .  :  i  ■  'mc.o ■ : i a i : : a, .ot  l>e  Octet  niii;oi  m  t  ,k  a  s|'.k e  Once  the  three  points  are  located  in  both  spaces, 
simple  rotational  matrix  may  be  dcu  mimed  lias  matt  i\  is  then  the  map  tor  locating  all  the  points  within 
the  surgical  space  on  the  images  This  pmeess  oiesumes  rigid  rotation  and  requires  that  the  points  of 
■ommonalitx  be  well  defined. 

The  points  ot  commonality,  called  fiducial  markets,  can  be  determined  in  one  of  three  ways  The 
tirst  method  is  to  use  anatomic  locations  such  as  the  tip  of  the  nose,  the  nasion,  the  tragus  or  locations  on 
the  orbital  rims  which  may  be  precisely  located  on  both  the  scan  and  the  patient.  This  form  of  marking 
is  referred  to  as  intrinsic  fiducial  markers  The  difficulty  with  intrinsic  fiducial  markers  is  that  it  is  very 
difficult  to  find  locations  which  share  the  following  characteristics;  visibility  on  CT  and  MRI.  rigid 
attachment  to  the  rest  of  the  head  and  well  defined  shapes  for  exact  point  location.  Some  authors  "u  have 
been  using  extrinsic  markers  such  as  small  spheres  or  surgical  staples  attached  to  specific  locations  on  the 
surface  ot  the  skin.  We  have  resisted  these  techniques  due  to  concerns  about  marker  motion  between 
imaging  and  surgerv 

During  the  development  of  the  articulated  arm  device,  we  have  been  using  extrinsic  fiducial  markers, 
points  on  a  stereotactic  frame,  for  our  registration  process.  This  allows  direct,  application-based 
comparisons  between  the  performances  of  the  two  devices 


2.5.  Initial  Arm  Design 

Based  on  our  simulations  and  calculations,  a  prototype  articulated  arm  was  designed  and  constructed. 
The  arm  is  a  three-link,  three  joint,  six  degree  ot  freedom  articulated  arm.  primarily  composed  of  stainless 
steel.  Each  joint  consists  of  two  rotational  angles,  mounted  in  a  gimbal  structure.  This  configuration  leads 
to  approximately  330  of  free  motion  in  each  joint.  The  angular  sensors  are  incremental  optical  encoders 
that  generate  3.60b  state  changes  per  rotation  which  are  interpolated  into  72.00 o  pulses  per  rotation  by 
hardware  provided  by  the  manufacturer.  The  angular  position  of  the  join!  is  transmitted  to  the  angular 
sensors  via  quarter  pitch  spur  gears.  This  arrangement  allows  tor  the  transverse  mounting  of  the  angular 
sensors,  reducing  the  total  width  of  the  arm  The  spin  gears  .ire  mounted  at  a  6"  angle  to  minimize  the 
gearing  backlash 


2.(i  (  alculation  and  display  system 


An  80380-based  computer  system  is  being  used  the  computational  platform  for  the  system  With  the 
inclusion  of  a  math  co  processor,  the  compute!  has  a  rating  ot  approximately  0.5  MFlop.  The  images  are 
stored  in  the  computer  on  a  hard  disk  and  can  be  read  and  displayed  in  less  than  a  third  of  a  second 


The  arm  endpoint  position  may  he  simultaneously  displayed  on  4  512x512  images  on  a  1280x1024 
display  The  display  controller  has  a  BITBIT  rate  oi  100  million  bits/second  (12.5  million  8  bit  pixels; 
which  means  it  can  place  a  new  512x512  image  on  the  screen  every  21  ms  The  difference  between  the 


ance  and  the  present  actual  performance  ol  2K5  ms  per  image  displayed  is  due 
hard  disk  and  the  system  bus,  not  the  display  hardware.  The  display  is  composed 
scale  windows  displaying  images  from  modalities  such  as  CT  and  MR  and  one 
Sow  presently  showing  a  patient-specific  wire  frame  model.  The  composite  window- 
The  image  handling  and  multimodality  display  are  discussed  in  greater  detail  in  the 


Figure  3 

3.  Results 


made  a  series  of  measurements.  Our  initial  attempt  was  to  choose  a  point  in  space  and  return 

Our  results  showed  we  had  an 
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ledly,  observing  the  variance  of  returned  spatial  coordinates, 
■or  of  0.33  mm  with  a  maximum  error  of  1.5  mm.  This  sort  of 


ixoi  ui  min  « im  n  iimniiituiii  vi i \/i  in  « .*■  min.  am.*  .mi i  vn  measurement  is  the  standard  for 
ng  the  performance  of  the  stereotactic  systems.  It  is,  however,  merely  a  measure  of  precision  not 
It  is  especially  poor  for  judging  the  performance  of  articulated  arms,  since  their  flexibility 
a  vast  number  of  paths  to  any  given  single  location. 

^devised  a  second  technique  in  which  we  located  a  variety  of  points,  distributed  in  three-dimensional 
Each  point  was  located  several  times  by  different  paths  and  by  different  users.  We  measured  the 
ice  between  the  points  using  electronic  calipers  and  compared  that  to  measured  distance  by  the  arm. 
ie  average  error  gives  us  a  measure  of  the  accuracy  and  the  standard  deviation  a  measure  of  the  device’s 
precision.  Here  the  accuracy  w-as  3.5  mm  w-ith  a  standard  deviation  of  2.5  mm. 

Clearly,  this  performance  was  much  poorer  than  the  design  values.  Although  we  were  intentionally 
choosing  greatly  divergent  paths  and  some  of  the  error  could  be  ascribed  to  the  user's  ability  to  return  the 
pointer  to  the  same  spot,  the  arm’s  performance  was  not  what  it  could  be. 


3.2  Calibration 


One  source  of  error  w-as  the  calibration  of  the  arm.  When  you  have  the  capability  to  measure  angles 
to  l/200lh  of  a  degree  it  is  difficult  to  initially  position  the  links  so  that  all  of  the  encoders  are  at  their  zero 
position.  We  had  confidence  that  we  could  hand-align  the  device  to  1 2 "  but  anything  more  than  that  was 
uncertain.  If  you  allow  a  ’/•>  degree  erroi  in  each  joint  of  an  articulated  w  ith  link  lengths  similar  to  ours, 
worst  case  errors  can  go  beyond  1  cm. 

Two  of  the  authors  (CAE  and  RLG)  devised  a  calibration  technique  which  determined  the  initial 
angular  offset  and  corrected  for  it  at  each  joint.  After  this  calibration  was  perfoi  med.  the  3-D  spatial  targets 
were  then  relocated  by  each  of  the  users.  Now  the  points  were  located  to  with  average  errors  of  about  1 
mm  with  standard  deviations  of  less  than  0.9mm  These  errors  may  most  likely  be  assigned  to  the  operator’s 
ability  to  return  to  the  same  location 
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Figure  4.  Pre  and  Post  calibration  results.  Solid  circles  are  precalibration, 
clear  circles  are  post-calibration. 


We  lastly  performed  a  study  in  which  a  single  operator  found  points  on  a  metal  ruler  placed  arbitrar 
in  space.  We  located  multiple  points  at  distances  ranging  from  1  to  50  mms  again  using  differing  paths 
the  points.  Our  average  error  was  0.09  mm  with  a  standard  deviation  of  0.22  mm.  We  should  point  out  tl 
these  measurements  are  arm  accuracy  numbers  on!>  Any  error  or  positional  uncertainty  due  to  ima g: 
would  still  be  in  the  process.  But  what  this  really  tells  us  is  that  it  will  take  improvements  in  imagin; 
devices  such  as  CT  and  MR  on  the  order  of  8  fold  before  the  arm  error  is  the  dominant  term.  This  me. 
with  higher  -nd  higher  resolution  imaging  our  system  accuracy  will  improve  as  well. 


4.  INTRAOPERATIVE  PERFORMANCE 

As  stated  earlier  we  have  been  using  this  device  in  conjunction  with  a  standard  stereotactic  device.  T 
presence  of  the  stereotactic  frame  gives  us  a  variety  of  easily  identifiable  targets.  As  of  this  writing  we  h. 
used  the  I IG  arm  in  14  surgeries  and  in  each  the  observed  performance  has  been  on  the  level  of  a  vo 
This  sort  of  performance  easily  places  the  I  IG  surgery  system  performance  on  a  par  with  the  best  of  pres 
stereotactic  systems''  Cases  performed  have  included  craniotomies,  tumor  biopsies,  shunt  placements  . 
cyst  aspirations. 
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_ictic  systems,  the  IIG  surgical  system  makt  ai  of  the  imaging  information 
tteractive  display  ot  present  surgical  position  In  me  recent  biopsy  procedure, 
'  and  the  skin  was  being  closed  when  we  real  /Cd  that  the  films  had  never  been 
>X.  They  had  never  been  missed  because  tf  ir  ormation  was  available  in  a 
surgery. 
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ABSTRACT 

A  surgeon  typically  uses  information  from  a  number  of  tomographic  imaging  methods 
(e.g.,  CT,  MR,  PET)  during  the  course  of  a  surgical  procedure.  These  imaging  techniques 
represent  three-dimensional  information  as  a  set  of  two-dimensional  images.  To  use  this 
information,  the  surgeon  is  required  to  mentally  construct  a  three-dimensional  visualization 
from  the  set  of  two-dimensional  images.  The  formation  of  the  mental  image  becomes  more 
complicated  with  the  inclusion  of  multiple  imaging  modalities  and  multiple  imaging  planes. 

We  have  developed  a  technique  to  enhance  the  mental  three-dimensional  visualization 
process  through  simultaneous  graphics  and  multislice  raster  image  display.  The  composite 
display,  capable  of  displaying  up  to  three  raster  images  along  with  a  patient-specific  graphics 
model,  is  viewed  on  a  1280  x  1024  monitor.  The  raster  images,  displayed  in  a  512  x  512 
format,  may  be  any  combination  of  imaging  methods  and  imaging  planes.  The  graphics 
model,  determined  from  the  imaging  data,  may  be  freely  rotated  as  a  depth-cued  wireframe 
or  shaded-surface  model.  Regions-of-interest  may  be  incorporated  into  the  graphics  model 
for  additional  visual  cues.  Trajectory  information  may  be  obtained  by  moving  a  three- 
dimensional  cursor  in  any  raster  image  space  or  in  the  graphics  model  with  instantaneous 
update  of  the  remaining  display  area. 

This  design  allows  the  surgeon  to  interactively  obtain  orientation  and  visualization 
information  from  the  images  in  the  operating  room.  Because  the  classic  imaging  planes  are 
used,  the  surgeon  is  not  required  to  deal  with  a  new  information  format  or  a  loss  of 
resolution. 

1.  INTRODUCTION 

Man  has  pursued  the  ability  to  view  the  unseen  anatomical  structure  of  the  body  for 
centuries.  Detailed  artistic  drawings  of  anatomical  structures  done  during  dissections  were 
the  sole  component  of  anatomical  atlases  for  a  long  time.  These  drawings  were  used  as 
educational  tools  and  professional  references.  Artists/Scientists  such  as  Aristotle,  Galen, 
Leonardo  da  Vinci  and  Michelangelo  were  among  those  that  wrestled  with  the  problems  of 
using  two-dimensional  drawings  to  depict  three-dimensional  structures  (Fig.  1).  Such  line- 
drawings  continue  to  be  found  in  medical  handbooks.  In  the  early  part  of  the  20th  century. 
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hyiirt'  I.  I.con  uJo  da  Vmj\  chawing  of  cerebral  vent  rules  modelled  by  a  wax  ‘encephalogram'. 


the  shilt  from  general  to  patient-specific  atlases  originated  with  W.C.  Roentgen's  first  X-ra\ 
ot  his  wile’s  huind.  The  introduction  of  computed  tomography  t(’T)  bv  G.N.  Hounstleld  in 
the  N7()'s  tipped  the  balance  in  favor  of  the  patient  specific  atlas.  CT.  in  essence,  allows 
non- invasive  in  vivo  dissection  from  which  a  series  of  highly  detailed  imaging  planes,  or 
"slices" .  are  obtained.  These  slices  become  an  anatomical  atlas  for  the  patient.  The  1 ‘■ISO’s 
saw  the  development  of  a  number  of  tomographic  imaging  techniques  including  magnetic 
resonance  (MR)  and  positron  emission  tomography  (PUT).1  The  rationale  behind  each  of 
these  imaging  techniques  is  clear:  provide  the  best  representation  of  unseen  anatomical 
structures  and  present  them  m  a  manner  such  that  the  maximum  information  content  is 
conveyed  tor  r.e  u.s’r.  at  hand  Over  the  years,  great  strides  have  been  made  in  the  visual 
representation  ot  intorma’io::.  vet  three  dimension.-.!  structures  must  still  be  represented  on 
two  dimension,..!  dr-plays  1  he  method  used  to  vis. .ah/e  and  interact  with  these 
representations  remains  a  topic  o!  research  and  debate. 

1  rom  me  lire;  ar'mt;,  renderings  to  the  current  sophisticated  procedures,  the  vvav  d.-.n 
IS  cm  placed  and  used  inle'ac t:v e!v  has  sulk-red  from  trie  Lwk  o!  understand!;!--  ot  how  wr 


visualize  information.  A  way  to  optimize  the  presentation  of  visual  information  still  eludes 
us.  As  we  continue  to  unravel  the  mysteries  of  the  visual  system,  designers  are  attempting  to 
display  a  maximum  amount  of  information  in  the  simplest  form.  The  recent  increases  in 
computational  pow'er  in  addition  to  decreases  in  size  and  cost  has  brought  about  the  union  of 
scientific  analysis  and  graphic  display.3  Computer  platforms  with  supercomputer 
performance,  high-performance  graphics,  large  and  fast  disks,  and  large  amounts  of  memory 
arc  now  found  in  desktop  models. 

These  developments  are  of  special  interest  to  one  specialty  in  the  field  of 
neurosurgery,  stereotaxy.  Stereotaxy  deals  with  the  targeting  of  specific  location  within  the 
brain  prior  to  surgery  by  using  pre-operative  images.  From  the  inception  of  stereotaxy,  it 
has  relied  on  the  ability  to  use  anatomic  atlases  whether  they  are  artistic  renderings  or 
tomographic  films. 

In  the  present  scenario,  the  surgeon  uses  the  various  film  sheets  (i.e. ,  CT,  MR,  PET, 
etc.)  as  references  during  the  operation.  The  surgeon  mentally  reconstructs  the  three- 
dimensional  relationship  between  the  slices  shown  on  the  film  sheets.  If,  at  any  time  during 
the  procedure,  additional  information  is  required,  the  surgeon  pauses  in  the  operation  and 
consults  the  film  sheets  (Fig.  2).  The  task  becomes  more  difficult  when  the  surgeon  uses 
multiple  imaging  modalities  and  multiple  imaging  planes. 


Figure  2.  Medical  image  film  sheets  on  an  OR  ligh.box. 


The  computer  is  slowly  finding  its  way  into  the  operating  room  (OR).  The  recent 
advances  in  the  computer  industry  have  set  the  stage  to  bring  the  patient-specific  atlas  into 
the  OR.  We  have  developed  an  image  display  system  that  displays  the  patient-specific  data 
from  up  to  three  different  image  sets  along  with  a  patient-specific  graphics  model.  The 
system  is  interactively  controlled  by  a  three-dimensional  pointing  system  held  by  the  surgeon. 
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/s  the  surgeon 
;  information. 


to  quickly  access  the  patient's  anatomical  atlas  and  orient  to  the 


2.  METHODS 


jninp  Images 

■  The  imaging  sets  are  obtained  from  one  of  the  following: 

A)  Siemens  Somaton  CT  scanner 

B)  2.0  T  Siemens  Magnaton  MR  scanner  operating  at  1.5  T 

C)  Siemens  CT1  931  PET  scanner 

imaging  sets  are  obtained  in  their  standard  format  on  9-track  tape.  The  images  are 
sferred  either  to  a  Sun  Microsystems  4/490  or  to  a  25  MHz  80386-based  computer.  If 
Sun  Microsystems  workstation  is  used,  the  images  are  transferred  to  the  80386-based 
'orm  via  an  Ethernet  connection.  Figure  3  illustrates  the  communication  interfaces 
tween  the  systems.  The  images  are  translated  into  the  proper  format  for  use  by  the  80386- 
system  and  a  header  is  added  to  the  beginning  of  each  image  set. 


Figure  3.  Images  from  CT,  MR,  and  PET  can  he  broughl  to  the  OR  system  by  tape  or  Ethernet. 


2_.,2  System  Setup 

The  interactive,  image-guided  surgery  system  is  constructed  around  a  25  MHz  80386- 
based  computer  (Everex  STEP  386/25)  equipped  with  8  MBytes  of  random  access  memory 
(70  nsec  RAM),  a  math  coprocessor  (Weitck  3167  Abacus)  and  a  383  MByte  Winchester 
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disk  (CDC  Wren  V  383H)  with  15  msec  average  access  time.  The  primary  display  (Amdek 
Video-4 10A)  is  driven  by  a  monochrome  graphics  card  (Hercules  Graphics  Card  Plus). 

In  addition  to  a  monochrome  display,  a  high-performance,  3D  solid  visualization 
engine  (Matrox  SM-1281)  is  connected  to  a  19  inch  RGB  display  (Mitsubishi  HJ6905).  The 
graphics  engine  has  a  resolution  of  1280  x  1024  and  can  display  256  simultaneous  colors 
from  a  true  color  palette  of  16.7  million.  Additional  graphics  capabilities  include  the  ability 
to  draw  80  000  three-dimensional  vectors  per  second  for  almost  instantaneously  updated 
wireframe  drawings,  the  ability  to  generate  20  000  Gourand-shaded  polygons  per  second  for 
rapid  rendering  of  realistic  models,  and  programmable  light  sources  and  ^iepth  cueing 
allowing  realistic,  real-time  visual  cues. 

The  combination  of  the  above  forms  a  0.5  Mflops  3D  workstation.  High 
performance,  relatively  low  cost,  flexibility,  and  small  size  make  the  system  the  ideal 
solution  for  bringing  patient-specific  anatomical  atlases  to  the  OR  in  an  electronic  format. 

2.3  Display 

Graphics  and  raster  images  are  displayed  on  a  composite  screen  display.  The  display 
is  composed  of  four  512  x  512  windows  and  a  250  x  1024  control  panel.  The  four 
windows  are  used  for  the  display  of  raster  image  and  graphics,  while  the  control  panel  will 
contain  menu  information  (Fig.  4). 


Figure  4.  Graphics  and  raster  images  displayed  on  a 
composite  screen  display.  Each  image  is  512  x  512 
pixels. 
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The  four  512  x  M2  windows  are  capable  of  being  used  in  a  variety  of  schemes. 

included  in  the  possible  permutations  are: 

i 

a)  Multiple  windows  of  a  single  scan 

b)  Multiple  scans  from  a  single  imaging  modality 

c)  Multiple  imaging  modalities  simultaneously 

d)  Multiple  slice  orientations 

e)  Three-dimensional  graphics  (wireframe  and  shaded-surface  models) 

f)  Any  combination  of  the  above 

2  T1  Raster  Images 

Raster  images  (i.e.,  CT,  MR,  etc.)  are  compressed  from  their  native  4096  gray  values 
(12  bits)  to  128  gray  levels  (7  bits)  for  display  using  an  adaptive  linear  compression  scheme. 
This  compression  procedure  is  designed  to  allow  use  of  available  color  coding  for  depth 
cueing  and  shading  of  the  graphics  display.  The  compression  of  imaging  data  is 
unacceptable  for  diagnostic  purposes;  however,  for  an  intrasurgical  reference  and  target 
location  the  compressed  images  provide  the  required  level  of  information  (Fig.  5).  The 
width  and  level  used  by  the  compression  method  may  '  t  individually  for  each  window. 


Figure  5.  A  raster  image  with  resection  site  and  tumor. 
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A  double-ended  caching  strategy  is  used  to  shuffle  images  from  the  disk  to  the 
memory.  A  caching  system  is  necessary  because  a  complete  image  set  may  be  several  times 
the  si/e  of  the  RAM.  Two  megabytes  of  RAM  are  assigned  to  each  window. 

2.3.2  Graphics 

Patient- specific  graphics  models  may  be  fashioned  from  information  available  in  the 
medical  images.  The  model  of  the  patient’s  head  is  formed  by  thresholding  combined  with 
region  connectivity  analysis  and  region  elimination3  (Fig.  6).  The  model  assists  the  surgeon 


Figure  6.  Patient-specific  wireframe  model. 


in  visual  orientation  between  the  surgical  space  and  the  imaging  information  being  displayed. 
The  model  may  be  freely  rotated  to  any  position  desired  by  the  surgeon.  Furthermore,  areas 
of  interest  or  concern  may  be  modelled  and  displayed  within  the  model  of  the  head  for 
additional  visual  cues. 

2,4  Interactive  Pointing  System 

An  interactive  pointing  system  described  by  Galloway  et  al.  is  incorporated  with  tins 
display  system  to  allow  interactive  surgical  planning  and,  when  imaging  space  is  registered 
with  surgical  space,  intrasurgical  tracking  of  surgical  position  and  trajectories  is  possible. 

The  poin'.ng  device  is  an  articulated  arm  with  six  degrees-of-freedom  (Fig.  7).  Movement 
of  the  pointer  may  be  linked  to  any  of  the  display  windows  allowing  real-time  interaction 
with  both  the  raster  images  and  graphics.  Trackm  provided  on  "active"  windows  by  a 
cursor  if  a  raster  image  is  displayed,  or  a  representation  of  the  articulated  arm  if  a  graphics 
model  is  present. 
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3.  DISCUSSION 

The  development  of  this  system  is  an  ongoing  project.  Initial  reactions  from  the 
neurosurgical  community  have  been  positive.  However,  there  remains  work  to  be  done. 

One  area  of  concern  is  the  lag  time  required  by  the  caching  system  when  the  pointing  device 
is  moved  an  extended  distance.  Several  solutions  are  possible.  One  solution  is  to  increase 
the  amount  of  RAM  in  the  system,  making  it  possible  to  increase  the  allotment  assigned  to 
each  window.  This  has  the  effect  of  reducing  or  eliminating  the  number  of  calls  to  the 
cache.  Another  solution  is  the  use  of  a  caching  controller  for  the  disk  drive.  Several  80486- 
based  systems  currently  available  allow  both  solutions  to  be  implemented.  These  systems 
have  the  capacity  to  hold  large  amounts  of  RAM  ( >  64  MBytes)  and  are  equipped  with 
caching  controllers  (with  up  to  8  MBytes  of  cache  memory)  for  Small  Computer  System 
Interface  (SCSI)  disks  with  fast  access  times  (<  15  msec). 

While  the  present  system  is  capable  of  displaying  transverse,  coronal,  sagittal,  and 
oblique  planes  for  CT  and  MR  images,  PET  images  are  lacking.  The  clinical  use  of  PET  is 
increasing  steadily.  Conceptually,  there  are  no  problems  adding  PET  images.  Among  the 
modifications  necessary  to  incorporate  PET  images  are  the  ability  to  display  color  raster 
images  and  a  method  to  register  PET  images  to  CT  and/or  MR  images.  Research  is 
currently  being  conducted  to  allow  the  inclusion  of  PET  and  other  imaging  modalities  such  as 
MR  angiography. 
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4.  CONCLUSIONS 


Stereotactic  procedures  have  always  relied  on  imaging  space,  be  it  general  or  patient- 
specific,  for  orientation  guidance.  A  natural  extension  of  this  relationship  is  the  "marriage" 
of  image  space  to  the  physical  stereotactic  space.  Recent  advances  in  technology  have,  for 
the  first  time,  provided  the  foundation  on  which  such  a  system  can  be  developed  at  a 
reasonable  cost.  The  ability  to  display  multislice  raster  images  with  graphics  models 
simultaneously  is  an  essential  ingredient  in  successful  implementation  of  an  interactive, 
image-guided  surgical  system. 
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ABSTRACT 

Ice  use  of  the  three-dimensional  information  contained  in  a  series  of  computed  tomography 
[magnetic  resonance  (MR)  slices,  one  must  either  mentally  reconstruct  the  data  or  generate  a 
sing  a  computer  display.  Computer-aided  rendering  of  a  three-dimensional  surface  allows 
of  the  model  from  different  angles. 

ation  of  a  three-dimensional  model  in  wireframe  or  shaded  surface  format  from  tomographic 
juires  identification  of  points  along  the  surface  of  interest  in  each  slice.  This  task  can  be 
plished  (1)  by  manually  outlining  the  surface  in  the  images,  or  (2)  by  a  computer  algorithm 
to  produce  points  along  the  surface  of  interest.  In  dealing  with  image  sets  of  the  head, 
outside  the  head  (e.g.,  support  structures,  stereotactic  frames,  and  noise)  complicate  the 
atic  detection  of  the  perimeter  of  the  head.  This  paper  examines  three  methods  of  automatic 
re  generation  from  CT  or  MR  slices  of  the  head.  The  three  approaches  are  based  on  the 
ring  techniques:  traditional  edge  detection  filters,  neural  networks,  and  thresholding  combined 
I  region  connectivity  analysis  and  region  elimination.  Results  of  the  three  approaches  are  presented 
[ig  with  a  comparison  of  the  relative  advantages  and  disadvantages  of  each. 

1  .INTRODUCTION 

Patient-specific  three-dimensional  surface  models  of  the  human  anatomy  are  useful  in  surgical 
fining  as  well  as  in  interactive,  intraoperative  use.  Because  the  human  brain  is  such  a  complex, 
ritical  structure  enclosed  by  a  rigid  barrier,  greater  navigational  assistance  is  needed  than  with  other 
of  the  anatomy.  Therefore,  interactive  guidance  -using  available  imaging  and  computer 
chnology-  during  neurosurgery  is  especially  important. 

An  interactive,  image-guided  (IIG)  approach  to  stereotactic  neurosurgery  is  under  development  by 
Four  group1 2 .  This  IIG  system  has  a  four- window  high  resolution  computer  display  (Figure  1),  up  to 
three  windows  of  which  display  preoperative  scans  (CT,  MR  or  PET).  Connected  to  the  computer 
system  is  a  pointing  device  used  to  locate  surgical  targets.  In  surgery,  once  physical  space  and  image 
space  have  been  registered,  the  three  raster  windows  display  the  appropriate  image  slices  corresponding 
to  the  pointer’s  current  location  within  the  patient’s  head.  The  actual  endpoint  location  within  th< 
slices  is  also  indicated  in  each  window. 
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lo  provide  three-dimensional  orientation  of  the  raster  image.s  for  the  surgeon,  the  fourth 
window  displays  a  patient-specific  three-dimensional  surface  rendering,  or  wireframe  model,  of 
the  head  (see  Figure  2).  Since  this  model  is  constructed  from  the  edge  points  of  the  skin  and 
scalp  in  the  set  of  preoperative  image  slices,  it  is  by  definition  registered  to  the  set  of  image  slices. 
The  level  of  the  wireframe  corresponding  to  the  level  of  the  image  slice  displayed  in  the  raster 
windows  (which  is  the  current  level  of  the  pointer)  is  highlighted,  as  shown  in  Figures  1  and  2. 
The  wireframe  model  can  be  rotated  interactively  for  viewing  from  the  optimum  perspective. 


Figure  1.  The  4-window  display  of  the  IIG  system 


Figure  2.  Patient-specific  wireframe  model 
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i  hree-Cumensional  Mirtace  mode  is  are  often  created  in  mam..;.:.  da  region  ot' 

interest  in  each  slice  of  the  image  set.  which  is  a  tedious  and  time-cor.'uming  process.  Since  our 
UG  system  di'pla\'  a  patient-specific  wireframe  model,  a  more  efficic't  method  of  extracting  the 
perimeter  ot  the  head  from  an  image  set  is  required. 

In  evaluating  possible  image  processing  techniques  for  this  application,  the  associated  tasks 
and  challenge'  must  be  understood.  1'he  automatic  system  should  locate  the  boundary  of  the  skin 
and  scalp  in  each  slice  of  an  image  set.  (For  discussion  in  this  paper.  Cl  image  sets  will  be 
considered.)  The  presence  of  objects  outside-and  often  adjacent  to-the  head  must  be  eliminated 
or  ignored  by  the  system.  Such  objects  include  head  support  structures  and  cushioning  as  well  as 
stereotactic  frames.  Stereotactic  frames,  used  to  locate  targets  within  the  brain,  are  screwed  into 
the  skull  and  have  relatively  bright  image  intensity  (see  Figure  3).  making  extraction  of  the  true 
perimeter  of  the  head  difficult.  It  is  also  important  to  retain  the  features  of  the  head  which 
provide  the  visual  cues  for  position  orientation  of  the  three-dimensional  model.  These  features 
include  the  nose,  ears,  and  eyes.  In  an  image  slice,  the  way  in  which  the  nose  and  ears  protrude 
from  the  head  may  not  differ  much  from  that  of  other  objects  such  as  the  stereotactic  screws. 
This  paper  compares  two  new  methods  (developed  by  JGT)  of  accomplishing  this  task  with  a 
previously  presented  method3  (designed  by  GLH). 


Figure  3.  An  image  slice  of  a  patient  with  a  stereotactic  frame  attached 
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The  wireframe  model  is  not  composed  of  continuous  edge  points  around  the  perimeter  of 
i he  head.  liMead.  u  w  made  up  of  points  at  equal  angular  intervals  around  the  head  in  each  slice. 
These  points  are  then  connected  as  shown  in  Figure  2  to  form  the  graphic  model.  An  angular 
spacing  of  six  degrees  between  edge  points  within  a  slice  was  determined  to  provide  an  adequately 
dense  and  recoem/aMe  model,  while  allowing  for  future  visualization  of  regions  of  interest  within 
Te  model. 


All  three  wireframe  methods  investigated  use  the  concept  of  "rays"  to  generate  the  sixty 
idge  points  per  slice.  First,  for  each  image  set,  an  image  frame  center  is  deterrrfined.  The  first 
method  uses  the  actual  center  of  the  image  frame  size,  while  the  latter  two  methods  calculate  a 
patient-specific  center,  by  the  following  method:  using  the  top  slice  of  the  image  set,  the  x  and 
s  coordinates  of  the  pixel  corresponding  to  the  centroid  of  the  head  in  that  slice  are  computed. 
(That  x,  v  location  will  be  referred  to  as  the  "ray  center"  in  this  paper.)  From  this  center,  radial 
lines  at  six  degree  intervals  are  constructed,  extending  to  the  outer  edges  of  the  image  frame. 
This  set  of  rays  is  used  as  a  ray  template:  it  is  placed  over  each  slice  of  the  image  set,  as 
illustrated  in  Figure  4.  and  one  pixel’s  x  and  y  coordinates  per  ray  are  stored  in  the  wireframe 
model.  The  z  coordinate  is  constant  for  each  slice,  based  on  the  slice  number  and  the  image  set 
slice  thickness. 


Figure  4.  The  patient-specific  ray  template  overlaid  onto  one  slice  of  the  image  set 
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2.1  Gradient-Based  F.dge  Detection 


For  cadi  slice  of  an  image  set.  a  3x3  Sobel  edge  detection  filter  is  applied,  producing  a 
gradient  image.  To  reduce  spurious  gradients  due  to  noise,  median  filtering  of  the  gradient  image 
is  performed.  The  ray  template  is  then  placed  over  the  gradient  image.  Beginning  with  the  outer 
pixel  of  each  ray.  the  algorithm  then  searches  inward  along  the  gradient  image  pixels 
corresponding  to  that  ray  until  a  pixel  is  found  whose  gradient  value  exceeds  a  predetermined 
threshold.  The  x  and  y  coordinates  of  that  pixel  are  passed  to  the  wireframe  model  and  the 
process  continues  with  the  next  ray  and  eventually  the  next  slice.  During  a  second  pass  through 
the  image  set,  the  location  of  each  wireframe  point  is  compared  with  the  corresponding  point  in 
the  slice  above.  To  smooth  out  incorrect  points,  if  a  given  vertical  slew  limit  is  exceeded,  the 
wireframe  point  is  replaced  by  an  average  of  its  neighbors  within  the  same  slice. 

The  ray  template  used  in  this  approach  is  identical  for  all  images  (of  the  same  frame  size); 
the  center  from  which  the  rays  are  constructed  is  the  center  of  the  image  frame  size.  As  a  result, 
the  head  region  in  all  slices  must  contain  the  center  of  the  frame  so  that  edge  points  can  be  found 
on  every  ray. 

2.2  Neural  Network 


Neural  net  theory  has  proven  to  be  a  good  approach  to  inexact  pattern  classification 
applications.  Therefore,  a  neural  net  program  was  designed  to  classify  image  pixels  into  two 
categories:  one  class  being  edge  points  of  the  head  and  all  other  points  comprising  the  second 
category.  The  neural  net  topology  used  is  the  multi-layer  perceptron  network,  with  an  input  layer, 
one  hidden  layer,  and  an  output  layer  consisting  of  a  single  node,  with  each  layer  connected  by 
weighted  links  to  the  nodes  of  the  next  layer.  (See  Lippmann4  for  a  description  of  neural  net 
models.)  Training  of  the  net  employs  a  back-propagation  algorithm  which  adjusts  the  weights 
between  nodes  based  on  the  difference  between  actual  and  desired  output  node  values. 

Groups  of  pixel  intensity  values  along  one  ray  at  a  time  are  presented  to  the  input  layer 
of  the  trained  net.  One  position  in  the  input  array  always  contains  the  current  pixel  of  interest 
(POI).  When  the  output  node  is  high,  the  current  POl  is  classified  as  an  edge  pixel  of  the  head. 
The  array  of  input  values  can  be  visualized  as  a  sliding  window.  The  window  is  "slid"  along  the 
intensity  values  of  a  ray,  beginning  with  the  outermost  pixels.  The  output  node  of  the  net  should 
be  low  when  the  pixel  in  the  POI  location  of  the  input  array  does  not  lie  on  the  edge  of  the  head. 
When  a  true  edge  pixel  does  occupy  the  POI  slot,  the  output  node  goes  high  and  that  pixel’s 
coordinates  are  saved  in  the  wireframe  model. 
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The  window  present.-*  an  arr;c.  « >t  fourteen  pixel  intensities  (from  along  the  current  ray)  at 
time  to  the  net:  extending  four  pixels  toward  the  outside  of  the  image  from  the  current  POl  and 
ine  pixels  toward  the  center.  Figure  5  illustrates  the  layout  of  the  net.  This  design  allows  the 
et  to  "look  ahead"  to  better  differentiate  between  external  objects  and  the  true  edge  of  the  head. 


igure  5.  The  neural  net  topology,  illustrating  an  example  in  which  pixel  7  is  the  current  pixel  of 
tterest 

To  produce  a  smoother  wireframe  and  to  discourage  large  fluctuations  in  wireframe  point 
)cation,  two  supplementary  input  nodes  were  added.  Index  values  are  assigned  to  each  pixel 
long  the  current  ray,  with  the  outermost  pixel  being  ’O’,  the  adjacent  pixel  labeled  T’,  etc.  The 
vo  additional  input  nodes  correspond  to  (1)  the  index  value  of  the  current  POI,  and  (2)  the  index 
alue  of  the  edge  pixel  on  the  last  (adjacent)  ray.  The  input  layer  then  has  a  total  of  sixteen 
odes.  Through  experimentation  with  a  range  of  numbers  of  hidden  units,  twelve  w'as  determined 
)  be  appropriate  for  this  application. 

To  train  the  network,  pairs  of  input  arrays  and  their  desired  output  values  must  be 
allected.  The  training  data  for  this  net  was  selected  from  five  image  slices.  The  input/output 
airs  are  repeatedly  presented  to  the  net  and  the  weights  are  updated  according  to  the  back- 
ropagation  algorithm.  Once  trained,  the  weights  are  saved  and  the  net  can  be  used  in  a  feed- 
>rward  fashion  to  recognize  edge  pixels. 
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To  eliminate  object'  'uch  ac  stereotactic  frames  while  retaining  the  important  facial 
features  requires  a  robust  technique,  based  on  more  information  than  image  gradients.  This  third 
method  of  wireframe  generation  makes  use  of  a  priori  knowledge  of  the  typical  range  of  image 
intensity  values  of  the  head  as  well  as  the  usual  range  of  head  size,  shape,  and  location  in  image 
slices. 


!;irst.  the  image  is  thresholded  using  an  intensity  value  which  retains  all  relevant  features 
and  potentially  eliminates  some  noise  and  extraneous  objects.  (A  threshold  of  700  for  12-bit  Cl' 
images  is  satisfactory.)  1'his  produces  a  binary  image  of  the  head  and  any  other  bright  objects  in 
the  image. 

Using  a  connectivity  analysis  algorithm  such  as  that  described  in  Rosenfeld  and  Kak5,  each 
group  of  connected  "on"  pixels  is  assigned  a  different  region  number.  The  number  of  pixels  in 
each  region  is  tabulated.  The  head  should  be  the  largest  region  whose  centroid  is  near  the  ray 
center  (determined  as  described  in  Section  3).  Therefore,  beginning  with  the  largest  region  in  the 
slice,  the  centroid  of  the  region  is  calculated.  If  the  region’s  centroid  is  less  than  a  specified 
distance  from  the  ray  center,  that  region  is  chosen  as  the  head  region.  If  not,  the  process 
continues  with  the  next  smaller  region. 

Once  the  head  region  is  found,  all  other  regions  are  removed  from  the  binary  image.  Figure 
6b  shows  the  binary  head  region  extracted  by  the  algorithm  from  the  slice  in  Figure  6a.  The  ray 
template  can  then  be  placed  over  the  resulting  binary  image  of  the  head  region.  The  outermost 
"on"  pixel  along  each  ray  is  chosen  as  the  wireframe  point  for  that  ray.  A  second  pass  is  made  on 
each  slice  to  pull  in  points  that  are  much  further  from  the  ray  center  than  their  neighbors. 


Figure  6.  (a)  An  image  slice  and  (b)  the  binary  "head  region"  extracted  by  the  region  analysis 
approach 
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3.  RESULTS 


Timing 

The  three  methods  were  tested  with  several  image  sets,  some  with  head  holders  present 
the  images,  others  with  stereotactic  frames.  The  table  below  compares  the  average  time 
uired  by  each  method  to  locate  wireframe  points  in  one  slice. 


I.  Edge  Detection 

II.  Neural  Network 

III.  Region  Extraction 

6  sec 

7  sec 

3  sec 

Table:  Average  time  required  per  slice 


Accuracy 

Although  each  technique  demonstrates  a  high  degree  of  accuracy  in  detecting  the  edge 
nts  of  the  head  without  any  objects  present  external  to  the  head,  the  ability  to  perform 
rectly  in  more  complex  situations  varies.  A  wireframe  editor  is  built  in  to  all  three  methods 
that  the  points  chosen  from  each  slice  can  be  examined  and  edited,  if  necessary.  Accuracy  of 
:h  method  is  evaluated  by  noting  the  percentage  of  points  which  lie  on  the  true  edge  of  the 
id,  i.e,  the  points  which  do  not  require  editing. 

.1  Method  I 


The  edge  detection  approach  is  accurate  only  if  nothing  is  present  outside  the  head  in  the 
ige  slices.  The  first  edge  encountered  along  each  ray  is  chosen  as  the  edge  point,  whether  or 
:  that  edge  is  actually  part  of  a  head  holder  or  stereotactic  frame.  With  nothing  external  to  the 
id,  however,  this  method  is  on  average  99.9%  accurate,  meaning  that  in  a  typical  image  set  of 
slices  only  one  spurious  edge  point  would  need  editing.  But  with  either  stereotactic  frames  and 
id  holders,  approximately  40%  of  the  rays  in  each  slice  intersect  the  external  object  before 
ersecting  the  head.  As  a  result,  the  best-case  accuracy  figure  in  the  presence  of  external 
>port  structures  is  roughly  60%. 
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3.2.2  Method  II 


Training  the  neural  net  to  accurately  recognize  the  edge  of  the  head  with  nothing  external 
to  the  head  is  simple.  The  task  of  training  the  net  to  detect  the  edge  of  the  head  in  the  presence 
of  external  objects  is  much  more  difficult.  First,  a  training  set  of  1690  correct  input/output 
patterns  was  selected  from  5  slices  of  a  79-slice  image  set  which  contained  a  head  holder  and 
cushioning  external  to  the  head.  After  5100  iterations  through  the  training  set,  the  net  could 
correctly  classify  every  pattern  in  the  training  set.  A  graph  of  training  progress  is  shown  in  Figure 
7.  Fhe  network  then  generalized  to  the  other  74  slices  with  99.1%  accuracy'. 
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Figure  7.  Neural  net  training  progress  showing  the  decrease  in  incorrectly  classified  patterns;  the 
upper  panel  expands  the  first  30  iterations,  while  the  lower  shows  the  entire  training  process. 

Since  the  way  in  which  the  stereotactic  frame  screws  can  protrude  from  the  head  is  so 
similar  to  that  of  the  nose  and  ears,  it  was  difficult  to  train  the  net  to  discriminate  between  the 
two.  The  neural  net  as  presented  is  not  an  adequate  approach  for  images  containing  stereotactic 
frames. 

4,2.3  Method  HI 

The  region  extraction  approach  proves  to  be  the  most  accurate  for  all  cases.  With  nothing 
external  to  the  head  and  with  head  holders,  the  system  was  found  to  be  100%  accurate.  Even  in 
image  sets  containing  a  stereotactic  frame,  the  system  found  correct  wireframe  edge  points  with 
98.9%  accuracy. 
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5.  DISCI  SSION  AND  CONCLUSIONS 


1  he  region  labeling/exfraction  approach  proves  to  be  the  most  robust  method  of  wireframe 
:neration.  as  well  as  the  most  efficient.  The  performance  of  the  neural  net  approach  is  quite 
npressivc  and  deserves  further  investigation  in  applications  of  image  edge  detection, 
nhancements  of  the  network  architecture,  such  as  adding  more  input  nodes,  hidden  layers,  or 
3ssibly  an  additional  output  node  to  allow  for  more  classes  (e.g..  a  "stereotactic  frame"  class),  may 
iprove  network  performance  and  flexibility. 

The  two  new  techniques  demonstrate  a  greater  generality  than  the  gradient  technique, 
■oblems  with  the  gradient  technique  include  the  variation  in  appropriate  gradient  threshold 
it)iee  as  well  as  the  sensitivity  to  objects  outside  the  head. 
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ABSTRACT 

* 

Interactive,  image-guided  (HO)  surgery  is  a  technique  by 
the  present  surgical  position  and  trajectory  is  tracked 
j  the  operation  and  displayed  on  pre-operativelv  obtained 
Ographic  images.  The  manipulation  of  large  data  sets,  high 
processing  of  real-time  information  and  constraints 
ed  by  function  within  an  operating  room  represent  consid- 
>le  workstation  design  challenges.  The  system  presently  in 
;at  Vanderbilt  will  be  demonstrated  and  the  design  choices  for 
item  explained. 


INTRODUCTION 

Modern  tomographic  imaging  techniques  such  as  comput- 
tomography  (CT),  magnetic  resonance  (MR)  and  positron 
nission  tomography  (PET)  provide  an  exquisite  set  of  data  for 

[the  three-dimensional  visualization  and  localization  of  intracrani¬ 
al  lesions.  In  most  neurosurgical  situations,  that  data  is  lelt  on 
the  lightbox  during  the  surgery  .  The  surgeon  may  step  away  from 
the  patient  and  reler  to  the  data  during  the  operation,  however, 
present  surgical  position  relative  to  objects  perceived  in  the 
■  image  sets  is  a  function  ol  physician  proprioception  and  identifi- 
1  cation  of  anatomic  landmarks 


sv-'ctical  localization.  High  resolution 
opt  1  encoders  give  the  arm  a  sub-mil- 
limec  j  application  accuracy. 


In  order  to  provide  interactive  display  of  present  surgical 
position,  an  articulated  arm  formed  of  fevolute  joints  has  been 
developed  for  intrasurgical  use  [1-3). 

The  arm,  shown  in  Fig.  1,  uses  optical  encoders  to 
measure  angular  position  and  compute  the  position  of  the  arm 
in  arm-coordinate  space.  If  three  points,  called  fiducial  points, 
can  be  found  in  the  images  and  touched  by  the  arm  then  a  map 
can  be  created  which  allows  the  arm  position  to  be  mapped  into 
image  space.  See  Figure  2 


Figure  2.  The  optical  encoders  are  read 
to  determine  the  endpoint  in  arms  space. 
This  point  is  then  mapped  into  image 
space  and  displayed  on  the  proper  image. 


IMAGE  SETS 

One  of  the  most  daunting  of  the  problems  in  imple¬ 
menting  an  IIG  system  is  the  size  of  the  image  set.  A  typical, 
neurosurgical  CT  set  consists  of  26  512x512  by  I2bit  (stored  as 
two  bvtes)  image  planes  or  13  megabytes  (MB)  of  data.  Adding 
MR  and  or  PET  data  can  push  the  total  towards  20MB.  If  CT 
images  are  reformatted  into  sagittal  and  coronal  views  then  the 
total  image  set  size  may  pass  50MB 

Once  the  arm  position  has  been  calculated  in  image 
space,  the  appropriate  image  slices  (as  determined  by  a  minimum 
euclidian  distance)  must  be  extracted  from  the  sets  and  displayed 
A  cursor  is  then  overlaid  on  the  image  to  represent  the  end 
effector's  position 

WORKSTATION  DESIGN 

The  requirements  for  the  computer  system  to  implement 
an  I1C*  device  involved: 

1  Real  time  management  of  optical  encoder  data, 
a  Localization  of  end-effector  in  arm  space. 

b  Translation  of  arm  space  to  image  space. 

2  Rapid  determination  and  display  of  images 

a  Image  sizes  range  from  5 1 2J  (CT)  to  128’  (PET), 
b  Techniques  for  compression  of  image  grayscale, 
c.  The  display  should  be  updated  in  less  than  1  sec. 

3  A  technique  for  showing  trajectory  as  well  as  location 

These  requirements  of  high  computational  intensity, 
advanced  graphics  performance  and  large  data  set  manipulation 
led  us  to  workstation  class  machines 
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Hi.'  i fill  time  requirement  lor  the  arm  operation  proved 
to  he  the  moat  constraining  Unix  handies  interrupts  in  a 
temporalis  statistical  fashion  Although  real-time  Unix  systems 
exist,  they  are  generally  dual  processor  systems  and  fail  our  cost 
and  operating  room  constraints  DOS-based  systems  have  the 
advantages  of  allowing  real  time  operation  and  the  huge  installed 
base  ol  systems  keeps  the  costs  acceptable  but  the  operating 
system  constrains  both  main  memory  and  mass  storage  sizes 

Vie  opted  for  a  DOS-based  solution  with  both  software 
and  hardware  augmentation  The  problem  of  the  640k  barrier  to 
DOS  memory  manipulation  was  solved  by  using  a  DOS-extender 
(Phar  Lap).  The  extender,  when  coupled  with  an  appropriate 
compiler.  (NDP  C-386)  allowed  the  use  of  up  to  4  gigabytes  of 
RAM  We  were  limited  to  16MB  of  memory  by  hardware 
considerations. 

The  mass  storage  requirements  were  addressed  by  the  use 
of  a  TSR  (WREN-Manager,  On  Track  Systems).  This  utility- 
allowed  us  ;o  manage  a  363MB  hard  disk  with  large  data  sets 
contiguously  stored  on  a  single  virtual  drive.  The  images  can  be 
imported  to  the  hard  disk  either  electronically  from  a  network 
node  or  from  archival  storage  on  tape  or  optical  disk.  A  system 
diagram  is  shown  in  Figure  3. 


Figure  3.  A  386-based  workstation  pro¬ 
vides  the  platform  for  a  IIG  system. 


The  images  are  displayed  on  a  1280x1024  pixel  monitor 
being  driven  by  a  SM 1280  solid  modelling  display  engine  (Matrox 
Corp.)  The  display  is  broken  into  4  512x512  windows  with  each 
window  having  its  own  window  manager.  This  allows  us  to  tag 
any  image  set  to  a  window  and  individually  map  the  arm 
endpoint  into  that  image  set. 

Additionally,  the  solid  modelling  capabilities  of  the  SM 
1280  allow  us  to  generate  and  display  a  patient-specific  wireframe 


or  shaded-suil.ice  graphic  image  set  The  graphic  display  mat 
incorporate  perspective  and  depth-cuing  techniques  to  facilitate! 
trajectory  determination  i 

System  Performance  j 

In  order  to  calculate  the  arm  position  in  arm  space,  6  4x4  ' 
matrices  must  be  multiplied.  Four  of  the  elements  of  each 
matrix  may  be  trigonometric  functions.  This  could  lead  to  long 
calculation  times.  Each  matrix,  however,  is  sparse  and  we  were 
able  to  reduce  time  to  solution  by  chaining  the  equations 
together  and  identifying  common  terms  We  further  improved 
the  performance  by  creating  a  look-up  table  for  trigonometric 
values  at  the  program’s  start  Arm  position  can  be  calculated  in 
less  than  20  milliseconds  and  translated  into  image  space 
microseconds  later. 

Once  the  location  in  image  space  is  found,  the  appropri¬ 
ate  image  is  pulled  from  disk  and  pumped  to  the  window 
manager  controlling  the  display  Images  can  be  displayed  at  a 
rate  of  12  per  second,  giving  a  complete  screen  update  in  V>  of  a 
second  The  graphics  display  is  a  vector  recalculation  in  hard¬ 
ware  on  the  SM  1280  board  and  so  doesn  t  dfjpicciably  add  to 
the  update  time 

The  system  has  been  used  in  numerous  ( >  30)  neurosurg¬ 
ical  cases  to  date  The  measured  intraoperative  system  error  is 
0.93mm  The  surgeons  feel  the  display  speed  is  adequate  and  a 
freeze  frame  has  been  added  to  allow  extended  study  of  any 
location 
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ABSTRACT 


software  toolkit  for  a  stereotactic  neurosurgical  workstation  has 
anti  is  being  developed.  Tbo  toolkit  is  comprehensive 
in  that  it^rovides  facilities  for  assisting  surgeons  across  the  entire 
spectrum  of  im&ge  related  tasks  including  image  importing  from  scan¬ 
ners,  correlating/ reformatting  multimodal  three  dimensional  stacks  of 
images,  surgical  trajectory  planning  based  on  correlated  images,  and 
exporting  correlated/reforiK^tted  images  to  an  intraoperative  image 
guided  ariiculated  arm 

INTRODUCTION 

Stereotactic  frames  provide  a  means  to  physically  reach 
any  hidden  anatomical  location  in  the  head  with  guidance 
from  images.  Early  systems  were  guided  by  atlases  and  two 
dimensional  projection  images  of  the  three  dimensional  head 
A  comprehensive  review  of  stereotactic  systems  is  given  in 
(Ij.  The  advances  in  computer  technology  and  imaging  tech¬ 
nology  have  led  to  abilities  for  both  acquiring  and  manipu¬ 
lating  two  dimensional  cross  sectional  images  of  three  dimen¬ 
sional  objects.  Imaging  technologies  such  as  CT  and  MR] 
provide  structural  information,  while  PET  provides  comple¬ 
mentary  functional  information.  Stereotactic  technology  has 
been  accordingly  thriving  in  providing  apparatus  that  facili¬ 
tate  correlation  between  various  image  spaces  and  the  phys¬ 
ical  space  of  the  head.  By  virtue  of  these  advances  the  need 
for  a  stereotactic  neurosurgical  workstation  has  been  rapidly 
growing.  In  this  paper  we  describe  one  such  workstation 
with  a  wide  spectrum  of  functionalities. 

SYSTEM  DESCRIPTION 

Our  workstation  includes  software  tools:  (i)  to  import 
CT.  MRI.  PET.  and  Digital  Angiography  (DA)  images  from 
the  imaging  scanners  via  magnetic  tapes  [6j,  (ii)  to  corre¬ 
late  the  three  dimensional  stack  of  two  dimensional  images 
from  CT.  MRP  and  PET.  (iii)  to  reconstruct  coronal  and 
sagital  images  from  Uansveise  images.  |iv)  to  plan  surgical 
trajectory  based  on  correlated  CT.  MRI.  and  PET  images. 
( v )  to  reconstruct  oblique  images  passing  through  a  surgical 
trajectory  for  serial  biopsy  and  craniotomy,  (vi)  to  measure 
distances  and  volumes  of  regions  of  interest,  and  (vii)  to  ex¬ 
port  correlated/reformatted  CT.  MRI.  and  PET  images  to 
an  intraoperative  image  guided  articulated  arm  (2J. 

Workstation  platform:  Our  software  tools  are  targeted  for 
both  the  SUN-3  series  and  SUN-4/SP.ARC  series  worksta¬ 
tions.  However,  the  enormous  memory  anti  processing  speed 
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requirements  ot  typical  image  related  tasks  mandate  SU 
! /SPARC  series  workstations  for  reasonable  interactive 
spouse.  The  tools  are  window  based  and  mouse  driven. 

Stereotactic  frames:  We  use  the  COMPASS  [3]  [4]  stere* 
i  a<  tic  frame  in  conjunction  with  our  stereotactic  workstati 
software.  The  modularity  of  our  software  makes  the  exten¬ 
sions  to  include  other  frames  such  as  LEKSELL  [5]  less  in¬ 
volved  because  only  a  few  frame  specific  modules  need  to  he- 
developed,  keeping  the  other  modules  that  provide  interac-.’ 
live  surgical  planning  generic. 

Surgical  preplanning:  "Neuroplanner” ,  our  surgical  pre¬ 
planning  tool  is  shown  in  Figures  1  through  4.  To  the  left 
of  the  menu  a  CT  image  and  to  the  right  of  the  menu  three 
MRI  images  (proton  density,  T2- weighted,  and  Tl-weighted) 
and  a  PET  image  of  a  patient  are  displayed  in  Figure  1. 

T  hese  images  can  he  independently  reviewed  and  points  in' 
any  image  can  be  correlated  with  anatomically  correspond¬ 
ing  points  in  other  images.  For  instance  points  in  the  tumor 
region  (left  anterior)  on  the  images  indicated  by  cross  marks 
correspond  to  the  same  anatomical  location  with  in  the  accu¬ 
racy  of  the  streotactic  frame.  The  cross  marks  are  displayed 
in  white  in  the  figure  (we  apologize  for  loosing  the  cross  mark 
in  the  hot  background  on  PET  and  in  the  enhanced  back¬ 
ground  on  CT.  because  the  colored  cross  marks  on  the  work¬ 
station  screen  are  photographed  in  black  and  white).  The 
number  on  the  lower  left  corner  of  every  image  represents 
the  serial  number  in  the  two  dimensional  image  stack.  The 
image  number  in  all  three  MRI  images  is  the  same  because 
the  patient  head  is  locked  to  the  scanner  bed  and  the  images 
are  acquired  at  exactly  the  same  table  position.  However, 
our  software  does  not  take  advantage  of  this  fact  but  it  can 
correlate  points  from  arbitrarily  oriented  images.  The  corre¬ 
lated  points  can  be  used  in  computing  a  surgical  trajectory. 
Coronal,  sagital,  and  oblique  images  passing  through  the  tra¬ 
jectory  can  he  reconst i  ucted  from  any  transverse  CT  or  MRI 
or  PET  image  volume.  Four  interactively  reconstructed  CT 
images  are  displayed  to  the  right  of  the  menu  in  Figure  2. 
The  top  left  image  is  perpendicular  to  the  trajectory  at  a 
selected  depth.  Depth  can  be  interactively  changed  to  dis¬ 
play  images  at  different  depths.  Top  right  and  bottom  right 
images  are  perpendicular  to  each  other,  passing  through  the 
trajectory.  They  appear  as  coronal  and  sagital  by  virtue  of 
the  planned  trajectory.  A  true  coronal  is  displayed  at  bot¬ 
tom  left.  The  trajectory  can  he  interactively  manipulated 
with  the  aid  of  transverse,  coronal,  sagital,  and  oblique  im¬ 
ages.  CT,  MRI.  and  PET  image  volumes  ran  he  reformatted 
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ABSTRACr 

The  feasibility  of  optical  measurement  of  1,2-propanediol  as  a 
multiple  indicator  dilution  (MID)  tracer  of  lung  microvascular 
permeability  has  been  demonstrated  (1).  However,  several 
complications  were  encountered  making  infrared  optical 
densitometry  measurements  of  propanediol  concentrations  in 
whole  blood.  A  conventional,  black-body  emitter  (Oriel 
glowbar  6363)  was  previously  used  as  an  infrared  source.  This 
measurement  system  was  not  sensitive  enough  to  measure  trace 
amounts  of  1,2-propancdiol.  The  use  of  a  tunable  CO!  laser 
(Synrad  48- lg)  was  proposed  as  a  new  source  to  increase  optical 
intensity  of  the  device  and  ameliorate  the  signal-to-noise 
problems  of  the  conventional  system.  In  a  steady  state  in  vitro 
experiment,  linear  calibration  of  measured  change  in  optical 
density  versus  propanediol  concentration  in  ovine  blood  was 
achieved  at  concentrations  typical  of  MID  studies  in  animal 
models.  This  implies  that  the  use  of  a  C03  laser  increases 
sensitivity  by  at  least  five  hundred  fold  for  optical  density 
measurements  of  1,2-propancdiol  in  whole  blood 


INTRODUCTION 

KI  The  use  of  radioactive  MID  techniques  to  measure  the 
Bpermeability-surfacc  area  product  (PS)  of  the  lung  has  been  studied 
In  this  bolus  technique,  the  diffusing  traccrfs)  which 
■snromatographicaJly  separates  from  intravascular  reference  tracers 
B*ovide  information  for  calculating  PS  of  the  lung  microvascular 
Bbtner-  Small  chain  diols  such  as  1,2 -propanediol  and  1,4 
■g^cd'Ol  as  MID  tracers  give  measures  of  lung  microvascular 
time  ability  (3,4).  The  infrared  spectra  of  these  compounds  allow 
measurement  in  whole  blood  11). 

Optical  MID  techniques  have  also  been  examined  (5,6).  In  the 
Basset  ct  al,  (5 1  aqd  Ncufcld  and  associates  (61  have 
Bppjopcd  an  optical  assessment  of  cxiravascular  lung  water 
to  these  is  the  proposed  optical  MID  technique  to  measure 
Hifl-  This  technique  depends  on  the  successful  measurement  of 
density  of  the  small  chain  diols. 


ground 

j  Theory 

31  *  theory  applied  to  thin  films  of  blood  by  Andersen  and 
EH  gives  optical  density  (O.D.)  as: 


O  I)  =  e  C  l  BtX.H scattering)  o) 

where  t  is  the  extinction  coefficient  of  propanediol  at  measured 
wavelength.  C  is  propanediol  concentration,  and  1  is  the  optical  path 
length.  B(  .  .)  is  a  complex  function  dependent  on  erythrocyte  size, 
scattering,  and  other  factors 

By  separating  propanediol  concentration  into  plasma  (p)  and  cellular 
(c)  blood  phases  and  accounting  for  oxygenation  of  hemoglobin 
(Hb).  equation  2  becomes: 


OD  =  ( 1  -ff)  e„ 


BfXM.erc) 


where,  £  is  the  beersian  absorbance  of  oxygenated  and  reduced  Hb 
at  the  given  wavelength  For  optical  MID  studies,  changes  from 
baseline  of  propanediol  concentration  arc  used  to  calculate  PS:  thus, 
the  difference  in  optical  density  from  a  baseline.  AO  D.,  is: 

AO  D.  -  a-H)  (cpACp)l  (3) 

.  H[et£kCt)l*  AL  -  ABU  .) 

For  use  in  a  propanediol  measurement  device,  the  relationship 
between  AO  D  and  AC  should  be  linear  or  at  least  predictable. 
Otherwise,  the  ctfccis  of  scattering  and  blood  oxygenation  may 
confound  the  accurate  optical  measurement  of  propanediol. 


Complications  with  Conventional  Measurements 

Shown  in  Figure  I  is  our  conventional  optoelectronic 
measurement  system  for  measuring  propanediol  concentration  in 
whole  blood 
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Figure  1:  Convcniiona!  JR  opioclccimnic  measurement  system 
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Parameters  ot  lire  measurement  system  mhei  ti..w.  llie  light  sou, rev 
were  optimized  These  intituled  maximizing  gain  ol  die  electronic 
measuremcm  circuit,  minimum);  path  length  ol  the  optical  (lose 
through  cell,  and  increasing  to  a  maximum  propanediol 
concentration  used  in  MID  bolus  injcciates.  Optimization  of  each 
parameter  had  its  own  drawbacks.  Minimizing  path  lcnglh  -to 
approximately  100  pm-  drastically  increases  hydraulic  resistance  of 
the  optical  flow-through  cell.  The  electronic  gain  and  filter  circuit 
was  optimized  for  frequency  response  and  for  gain  (  >  110  dBi 
Even  after  optimizing  circuit  elements  and  trying  vanous 
configurations,  the  circuit  was  not  adequately  sensitive  and  noise- 
free  Maximizing  propanediol  concentration  (to  levels  around  3  M) 
caused  massive  hemolysis.  By  making  the  blood  hypertonic  '2  3 
gff)  hemolysis  was  minimized;  however,  when  hypertonic  boluses 
were  mixed  with  whole  blood,  hemolysis  still  occurred  The 
problems  associated  with  these  optimizations  led  to  die  selection  of 
a  C02  laser  operating  around  9.6  pm  as  a  light  source  to  increase 
total  intensity,  and  retreat  from  the  problematic  optimum  edge  of 
the  other  design  parameters. 


METHODS  AND  MATERIALS 

The  laser  optoelectronic  system  is  quite  similar  to  die 
conventional  system  shown  in  Figure  I  The  only  difference  being 
the  electronically  chopped  laser  tuned  to  9  55  pm  -at  P(20t- 
replacing  the  glowbar,  mechanical  chopper  and  optical  filter 
Sic3dy-state  calibration  of  the  system  was  conducted  in  vitro  by 
pumping  ovine  blood  from  a  well-mixed  20  ml  reservoir  through 
the  optical  flow-through  cell  and  reluming  to  die  reservoir.  In  this 
system,  incremental  levels  of  propanediol  were  sequentially  added 
to  the  reservoir  and  observed  on  computer.  Propanediol  was  mixed 
in  a  1:1  ratio  with  saline  to  disperse  the  propanediol  and  minimize 
hemolysis.  Hematocrits  were  (aken  of  the  blood  throughout  the 
experiment.  Voltage  output  from  the  electronic  circuit  was  stored 
digitally  throughout  the  experiment. 


RESULTS 

Steady  state  values  of  AO.D.  at  four  concentrations  of 
propanediol  were  assessed  by  averaging  time  course  data  Figure 
2  shows  AO  D.  versus  propanediol  concentration  for  the  steady-slate 
calibrations.  Linear  regression  of  the  data  is  also  shown  (r7  =  0.981 ) 
Sensitivity  of  the  measurement  system  to  changes  in  propanediol 
concentration  of  1  mM  are  arguably  demonstrated.  Hemolysis  was 
insignificant  throughout  the  course  of  this  experiment. 


In  the  isolated  dog  lung  preparation,  typical  nonlieniolyzing 
concentrations  ol  propanediol  in  MID  studies  are  on  the  order  ol  1 
mM.  Although  die  noise  level  ol  the  steady  state  expenments  are 
not  exquisite,  die  sensitivity  ol  this  device  appears  adequate  to 
measure  such  concentrations  Reasons  for  noise  in  this  signal  may 
include  the  lack  ol  precise  tuning  ot  the  laser  to  ensure  mode 
stability,  lack  ot  adequate  temperature  control  of  the  laser,  and 
suboptimal  electronic  configuration  All  ot  these  problems  can  be 
explored  and  potentially  optimized  Linear  regression  analysis 
demonstrates  linearity  between  propanediol  concentration  and  AO.D. 
This  implies  that  scattering  effects  do  not  change  with  changes  in 
propanediol  concentrations  of  this  magnitude.  Analysis  from 
stead v  state  tests  using  our  conventional  system  reported  previously 
|X)  did  show  that  the  sensitivity  of  AO.D  measurements  to 
propanediol  concentration  (slope  of  regression  line)  was  0.23  M'1 
In  tins  experiment,  die  sensitivity  of  the  laser  system  is  110  M'1 
implying  that  the  new  system  is  almost  500  times  more  sensitive^ 
than  die  conventional  one  The  resolution  of  this  mcasureme 
system  may  not  be  as  increased,  however.  t>:cause  of  noise  1 
considerations  This  work  is  supported  by  PHS  grant  HL391S5.' 


REFERENCES 

j!j  Rl.  Galloway.  D  J  Staton.  T.R.  Harris/The  O 
.Measurement  of  1,2  Propanediol  for  the  Determinatio; 
Lung  Capillary  Permeability-Surface  Area".  IEEE 
Biomed.  Engr,  Vo!  36.  pp  591-597;  1989. 

)2|  C  Crone,  "The  Permeability  of  Capillaries  in  Various  Oi 
Determined  by  Use  of  the  'indicator  Diffusion'  Method' 
Physiol.  Scand  .  Vol  58,  pp  292-305.  1963. 

1 3)  T.R.  Harris.  R  I  Rosclh.  C  R  Maurer,  R  E.  Parker, 

Pou.  'Comparison  of  Labeled  Propanediol  and  Ul 
Markers  of  Lung  Vascular  Injury ".  J  Appl.  Physiol.  ' 
pp.  1852-1859.  1987. 

(4 j  LE.  Olson.  A  Pou.  and  T  R  Hams,  “Surfaoe 
independent  Assessment  ol  Lung  Microvascular  Pe 
Using  an  Amphipaihic  Tracer  ,  J  Appl.  Physiol.  VoL 
1085-1096.  1991. 

(5|  G.  Basset.  G  Manet.  F  Bouchonnct.  J.  Marsac,  J. 
Bolter  and  R.  Capitim,  Simultaneous  Detection  of 
Oxide  and  Indocyanine  Green  in  Rowing  Blood 
Physiol.  Vol.  50.  pp.  1367- 1371,  1981. 

|6)  L  G.  Lcksell,  M  S  Schreiner.  A  Sjlvcstvo  and G 
"Commercial  Double  Indicator-Dilution  Dcnsi 
Heavy  Water.  Evaluation  of  Olcic-Acid  Pulmo 
J.  Clin.  Monit  Vol  6.  pp99-106,  1990. 

|7|  N.M.  Andersen  and  P.  Sckclj.  "Light  Absolving 
Properties  of  Nonhacmolyved  Blood",  Phys.  M 
12,  pp  173-184,  1967 

|Xj  L  E.  Olson.  R  L  Galloway.  A  Pou  and  T.R. 
Measurements  in  Whole  Blood  of  Ti* 
Microvascular  Permeability  .  FASEB  J.  VoL 
1991. 


PROP .  CONCENTRATION  (mM) 

Figure  2:  AO.D.  versus  propanediol  concentration  for  our  laser 
measurement  system,  t2  =  0.981. 
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